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Abstract 
The growth and development of all animals involves transitions between different 
physiological states. The key developmental transition of critical weight (CW) in the 
fruit fly Drosophila melanogaster dramatically changes the growing larva’s 
response to nutrient restriction (NR). Developmental progression is arrested by NR 
before CW whereas it proceeds without delay when NR occurs after CW. It is 
known that the time of onset of CW and other developmental transitions are 
regulated by the steroid hormone ecdysone but questions remain concerning the 
nature of the physiological changes at CW and how they might confer NR-resistant 
developmental progression. To begin to answer these questions, I have analysed 
how the larval metabolome changes when nutrition is altered either side of the CW 
transition. The larval metabolome was recorded via nuclear magnetic resonance 
(NMR) spectroscopy and fitting reference spectra to recorded peaks enabled 
identification of the metabolites. Absolute metabolite concentrations could then be 
back-calculated from these spectra using the volume determination with two 
standards (VDTS) technique (Ragan, et al. 2013), which was further adapted to 
measure metabolite concentrations from the volume released from homogenisation 
of solid whole larval and adult samples. Through use of these techniques, I found 
that progression past CW correlates with the ability of fed and NR larvae to sustain 
a substantial increase in the concentration of tyrosine. An interesting interplay 
between tyrosine and a possible storage form of the metabolite: o-
phosophotyrosine (OPT), suggests a process regulating the conversion between 
the two that may indirectly affect the biosynthesis of ecdysone. Dietary and genetic 
manipulations have been undertaken to draw a molecular mechanism for how 
varying tyrosine levels affected by CW attainment can effect time to pupariation 
(larval maturation). These results highlight how the field of NMR-metabolomics can 
be used to direct subsequent experiments to address biological questions. 
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Chapter 1. Introduction 
The development of animals from embryo to adult is accompanied by a series of 
temporal transitions that can radically alter aspects of morphology, growth, 
metabolism, and physiology. These transitions are regulated by genetic networks 
that, in several species, are now well defined. For example, in both mammals and 
insects, steroid hormones are known to play a key role in the transition from 
juvenile to adult stages. It is also clear that this transition is sensitive to 
environmental factors such as diet. However, much remains to be discovered about 
the mechanisms by which the inputs from nutrition, hormones and genes are 
integrated to trigger the onset of developmental transitions. In this chapter, I 
compare and contrast what is known about the factors that regulate the juvenile-to-
adult transition in humans and also in the genetic model used in this thesis: the fruit 
fly Drosophila melanogaster. I also introduce metabolomics, a key method that was 
used to identify new factors regulating the timing of the juvenile-to-adult transition in 
Drosophila. 
1.1 Onset of sexual maturation in humans 
In humans, sexual maturation provides a reliable marker of the juvenile-adult 
transition at the end of development. The timing of sexual maturation is controlled 
by steroid hormones, which in turn, are regulated by genetic factors as well as 
environmental influences such as nutrition (Parent et al., 2003; Roa et al., 2010). In 
humans, the onset of puberty is regulated by the hypothalamic-pituitary-gonadal 
(HPG) axis (Grumbach et al., 1974) (Figure 1-1). Neurons within the hypothalamus, 
secrete Gonadotropin-releasing hormone (GnRH) in pulses that are regulated by 
monoamines such as norepinephrine, dopamine and serotonin (see Appendix for 
chemical structures; Swerdloff and Odell, 1975). GnRH secretion can be 
suppressed by food restriction and excessive exercise (Hill et al., 2008). GnRH 
released into the local portal system travels from the hypothalamus to the anterior 
pituitary gland (adenohypophysis) to stimulate the release of the gonadotropins 
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) into the peripheral 
blood (Plant, 2015). These two hormones target cells in the testes and ovaries to 
produce sex-specific blends of gonadal steroid hormones. These hormones change 
Chapter 1 Introduction 
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in plasma concentration during development, with dramatic increases at puberty in 
the concentrations of testosterone in males and oestradiol in females (Figure 1-2). 
These steroid hormones have two primary roles that are spatially separated. Within 
the gonads, the steroid hormones enable reproductive capacity and, within the 
brain, they specify aspects of sexual behaviour (Plant, 2015; Sisk and Foster, 
2004). In males, the steroid hormones testosterone, dihydrotestosterone and 
oestradiol direct spermatogenesis in the testes and, via a negative feedback loop 
involving Kisspeptin neurons, they tonically downregulate secretion of GnRH and 
consequently LH and FSH (Sisk and Foster, 2004; Smith, 2013; Swerdloff and 
Odell, 1975). In females, steroidal oestrogens such as oestradiol and progesterone 
direct follicle maturation in the ovaries and, via Kisspeptin negative feedback, they 
also tonically downregulate GnRH, LH and FSH secretion (Sisk and Foster, 2004; 
Smith, 2013; Swerdloff and Odell, 1975). In both sexes, puberty triggers a 
significant increase in the frequency of GnRH secretion pulses, which boosts 
steroid hormones to the level required to trigger gonad maturation and reproductive 
behaviour. It is thought that the pubertal GnRH increase is triggered by the 
integration of multiple signals from an innate developmental clock and other 
internal and external cues including nutrition (Sisk and Foster, 2004). However, the 
molecular nature of the developmental clock and other mechanistic details are not 
yet clear in mammals.  
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Figure 1-1: The hypothalamic-pituitary gonadal axis. 
Multiple integrated signals determine firing of GnRH neurons in the hypothalamus, which directs 
the secretion of gonadotropins (LH and FSH) from the anterior pituitary gland and sex-specific 
steroid hormones from the gonads. Sex steroids then orchestrate secondary sex characteristics 
in peripheral tissues and, via neuroendocrine feedback, regulate GnRH secretion and social 
behaviours. At puberty, multiple steroid and non-steroidal mechanisms are integrated to 
increase GnRH and gonadotropin secretion within the “mature” HPG-axis, thus elevating sex 
steroids to a level necessary to support reproductive behaviour. Permission to adapt this figure 
has been granted by Nature neuroscience (adapted Sisk and Foster, 2004). 
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Figure 1-2: Time course of sex-steroid levels in males and females. 
Testosterone and oestradiol levels in blood plasma are displayed as a percentage of the 
maximum mean levels from fetal to post-menopausal stages. Permission to adapt this figure 
has been granted by Nature Neuroscience (adapted from Ober et al., 2008). 
 
Kelch et al., (1973) reported that an immature, pre-pubertal hypothalamus is more 
sensitive to the suppressive effects of gonadal steroids in comparison to an adult 
hypothalamus. Based on this, a hypothesis was proposed whereby the 
hypothalamus progressively loses sensitivity to negative feedback from steroids, 
thus increasing GnRH secretion and, in turn, achieving sexual maturity (Grumbach 
et al., 1974; Grumbach, 1978). The argument that nutrition and consequently the 
attainment of sufficient energy reserves triggers the onset of sexual maturation was 
made more than half a century ago. Thus, Kennedy and Mitra, (1963) reported that 
menarche (the first occurrence of menstruation, a marker of female sexual 
maturation) in the rat was influenced by both body size and food intake. In humans, 
regardless of whether the age of menarche is early or late, mean body weight is 
roughly invariant (48 kg in American, Dutch, Finnish and English girls), leading 
Frisch and Revelle, (1971) to propose a causal relationship between a critical body 
weight (CW) and menarche. The CW proposal was later redefined as a measure of 
body composition, specifically percentage body fat, directly effecting menarche 
(Frisch and McArthur, 1974). Observations from Nimrod and Ryan, (1975) suggest 
that human adipose tissue can provide a significant extra-gonadal source of sex 
steroids. For example, adipose tissue expresses aromatase and 17β-
Hydroxysteroid dehydrogenase (17-βHSD), two enzymes involved in sex steroid 
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biosynthesis and modification (Kershaw and Flier, 2004). It has therefore been 
proposed that puberty would only become triggered upon attainment of a critical 
weight/fatness (CW(F)), when there is sufficient adipose tissue to sustain peak 
oestrogen levels (Frisch, 1981; Scott and Johnston, 1982). This would then trigger 
desensitisation of the hypothalamus to oestrogen, as proposed by Grumbach 
(1978). The negative feedback system of the HPG-axis would then be “reset” at 
puberty to a higher GnRH level, therefore producing the elevated levels of gonadal 
steroids needed to induce menarche and sexual maturation (Frisch et al., 1973; 
Frisch, 1981; Frisch and McArthur, 1974; Frisch and Revelle, 1971, 1970). 
 
1.1.1 Permissive hormonal factors for sexual maturation 
Leptin, encoded by the obese (ob) gene in the mouse, is a secreted protein 
hormone that is expressed primarily in white adipose tissue and informs the brain 
about the “size” of fat stores (Casanueva and Dieguez, 1999; Zhang et al., 1994). 
With concentrations proportional to fat mass, this adipokine circulates in the plasma 
at levels that are low in anorexics, high in obese individuals, and that decrease 
upon weight loss (Casanueva and Dieguez, 1999). In human patients with 
mutation(s) in the leptin gene or the leptin receptor, puberty is often absent and this 
correlates with hypogonadotrophic hypogonadism (Froguel et al., 1998; Strobel et 
al., 1998). In mice and rats, experimentally boosting leptin levels does not result in 
precocious puberty but leptin is required to provide a metabolic gate for the onset 
of puberty (Ahima et al., 1996; Cheung et al., 1997). Based on these findings, leptin 
has been regarded as a permissive rather than an instructive factor for the onset of 
puberty (Casanueva and Dieguez, 1999).  
Ghrelin is a peptide hormone produced primarily from the gastrointestinal tract that 
serves to signal energy insufficiency and can delay the onset of puberty (Roa et al., 
2010; Tena-Sempere, 2007). Ghrelin has been observed to increase after food 
deprivation and plasma levels correlate negatively with body mass index (Tena-
Sempere, 2007). Low doses of ghrelin administration in male rats suppress LH 
secretion and testosterone levels, delaying balanopreputial separation - a marker of 
male rat pubertal onset (Fernández-Fernández et al., 2005). Although, a similar 
effect on pubertal timing was not observed with low doses of ghrelin in female rats, 
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higher and more frequent doses are sufficient to delay vaginal opening and 
ovulation in pubertal females (Fernández-Fernández et al., 2005; Roa et al., 2010; 
Tena-Sempere, 2007). Ghrelin levels have been observed to decline steadily 
during puberty in humans (Soriano-Guillén et al., 2004). If ghrelin’s actions in 
humans are similar to its action in rats, it has been suggested that this orexigenic 
(appetite inducing) hormone may play a permissive negative role in the timing of 
puberty. In summary, high leptin and low ghrelin concentrations may be required in 
order to provide a permissive window for the onset of puberty. 
 
1.1.2 CW(F) as a trigger for sexual maturation 
The Frisch and colleagues CW(F) hypothesis that nutrition regulates the timing of 
puberty accommodates the general idea that a female becomes fertile only when 
she has sufficient body reserves to sustain pregnancy (Frisch et al., 1973; Frisch, 
1981; Frisch and McArthur, 1974; Frisch and Revelle, 1971, 1970). The CW(F) 
hypothesis is consistent with the observed trend of a declining age of menarche in 
western countries, as the height and weight of girls have increased (Parent et al., 
2003). It is also consistent with the observed advancement of menarche in obese 
girls, delayed menarche in slower growing girls at high altitude, and delayed 
menarche in undernourished girls (Currie et al., 2009; Frisch, 1972; Kapoor and 
Kapoor, 1986). The CW(F) hypothesis can also account for oligomenorrhea and 
amenorrhea (irregular or absent menstrual cycles, respectively) in high 
performance athletes, ballet dancers or women suffering from anorexia nervosa 
(Scott and Johnston, 1982). According to the hypothesis, women facing any of the 
circumstances above would have low body fat and therefore would not produce the 
level of steroid hormones necessary to “reset” the HPG feedback loop. Refining the 
CW(F) hypothesis further, it can also be suggested that females with the conditions 
mentioned above have insufficient leptin and excessive ghrelin levels, both leading 
to a failure to upregulate the HPG-axis. In addition, it has been recognised that 
psychological stress can also delay or block menarche (Frisch and McArthur, 1974). 
In spite of the convenience proposed by the CW(F) model, scrutiny of the 
hypothesis has resulted in several criticisms (Cameron, 1976; Scott and Johnston, 
1982; Trussell, 1980). These include observations that individuals that do not meet 
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the strict CW(F) definition are nevertheless able to menstruate and that 
amenorrhea can linger even after anorexics regain weight on a nutritious diet 
(Osler and Crawford, 1973; Rakoff, 1967). Also, the CW(F) hypothesis of Frisch 
and colleagues only accommodates female puberty (the onset of menarche): no 
mechanism is provided for how the onset of puberty in males is timed. More 
generally in both humans and model organisms, greater attention has been paid 
into the onset of sexual maturation in females than in males, probably because 
menarche is such a convenient marker of this developmental transition. 
 
1.2 Drosophila as a model to study the juvenile-adult transition  
The holometabolous (undergoing complete metamorphosis) fruit fly Drosophila 
melanogaster has a long and distinguished track record as a genetic model 
organism (Ashburner and Bergman, 2005). More recent utility of Drosophila as a 
physiological model has been possible due to a fully sequenced genome (Zhao et 
al., 2000) and sophisticated genetic manipulation techniques, enabling up- or 
down-regulation of virtually every gene in the genome, in almost any cell type, at 
any developmental stage (St Johnston, 2002). Drosophila now provides a powerful 
model for studies into metabolism, growth control, behaviour and ageing (Edgar, 
1999; Padmanabha and Baker, 2014; Partridge et al., 2011). In Drosophila, a ~10-
day life cycle at 25 oC (~20 days at 18 oC, all further timings used in this thesis will 
be stated for development at 25ºC unless otherwise stated) is punctuated by 
transitions that separate four distinct morphological phases: the embryo, the larva 
encompassing three instars (the time between each moult; numbered L1-L3), the 
pupa and the adult (Figure 1-3). As with humans, the majority of Drosophila growth 
occurs during the juvenile stage (the larva) and sexual maturity is not attained until 
adulthood (Tennessen and Thummel, 2011). A net growth (mass gain) of ~ 200 fold 
occurs during larval development: from hatching at L1 until the end of L3, when 
pupal development and the process of metamorphosis occurs. Larval growth is 
made possible by moults at the L1/L2 and L2/L3 transitions, when the larva’s rigid 
chitinous exoskeleton, the cuticle, is replaced to accommodate a larger body size 
(Church and Robertson, 1966). The moults at the larval transitions involve the 
synthesis of a new cuticle by epidermal cells and shedding of the old cuticle as a 
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remnant. The steroid hormone ecdysone is a key developmental timer in 
Drosophila, orchestrating larval moulting and the onset of metamorphosis - the 
process that transforms the juvenile larva into a sexually mature adult. A loose 
analogy can be drawn between sexual maturation in humans (puberty) and in 
Drosophila (metamorphosis). In both cases, steroid hormones shut down most 
body growth and trigger a series of major physiological and morphological changes 
enabling reproductive capacity to be attained (Gilbert et al., 2002; Sisk and Foster, 
2004). In fact, puberty and subsequent adolescence can be regarded as marking 
the “metamorphosis” of a child into an adult (Sisk and Foster, 2004). 
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Figure 1-3: The life cycle of Drosophila. 
The life of Drosophila encompasses a ~10 day developmental cycle, including (clockwise) 
embryonic, larval (including three larval instars: L1, L2 and L3) and pupal phases before 
reaching adulthood. Larvae in the third instar (L3) pupariate into a white prepupa (WPP) ~24 hr 
before the pupal membrane is synthesized, a process that defines pupation proper. 
 
 
 
 
 
Chapter 1 Introduction 
24 
 
1.2.1 Ecdysone signalling 
Three classes of hormones primarily regulate developmental timing in insects (Di 
Cara and King-Jones, 2013). The ecdysteroids include the moulting prohormone 
ecdysone and its biologically active metabolite 20-hydroxyecdysone (20E). In 
addition, there is the neuropeptide prothoracicotropic hormone (PTTH) and the 
sesquiterpenoid juvenile hormone (JH). JH is a negative regulator of PTTH release 
in many insects and its suppression results in a precocious transition from the larva 
into a pupa (Daimon et al., 2012; Nijhout and Williams, 1974). In contrast, in 
Drosophila, JH is not required to sustain larval development but, instead, plays key 
roles during pupal development and adulthood (Baumann et al., 2010). Hence, in 
Drosophila, ecdysone and PTTH are the major hormones controlling the timing of 
the larval-larval and the larval-pupal developmental transitions. 
 
Pulses of ecdysone dictate progression through the distinct morphological stages 
of Drosophila development (Figure 1-4). Each pulse is precisely timed, has a 
particular amplitude and duration and triggers a different set of biological responses 
(Ou and King-Jones, 2013). For example, the ecdysone pulse during late 
embryogenesis regulates cell movement and future cuticle deposition (Chávez et 
al., 2000). The pulses during L1 and L2 trigger larval moults leading to the 
synthesis of new cuticles with a unique morphology for each instar (Riddiford and 
Truman, 1993). A pulse at the end of L3 arrests growth, initiates wandering 
behaviour, signals pupariation and the onset of adult maturation, which is then 
followed by a high titre pulse ~24 hours later that subsequently triggers pupation 
(De Reggi et al., 1975; Karim and Thummel, 1991; Tennessen and Thummel, 
2011). 
 
Figure 1-4: Ecdysone pulses trigger developmental transitions in Drosophila.  
Schematic representation of 20E concentration during Drosophila development. Large bursts in 
the 20E titre coincide with hatching, larval moults, pupariation and pupation. Three minor peaks 
are also observed during L3 that prepare the larvae for metamorphosis; these peaks include the 
commitment to metamorphosis upon attainment of a CW: the “CW peak”. PP: prepupa. 
Permission to adapt this figure has been granted by Current Topics in Developmental Biology 
(adapted from Ou and King-Jones, 2013). 
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Ecdysone is synthesised in the prothoracic gland (PG) cells of the ring gland, from 
cholesterol after a series of reactions (Figure 1-5) involving: Neverland (an electron 
oxygenase), Shroud (a short-chain dehydrogenase) and the “Halloween” family of 
cytochrome P450 enzymes: Spookier, Cyt6t3, Phantom, Disembodied and Shadow 
(Chávez et al., 2000; Gilbert, 2004; Niwa et al., 2010; Nüsslein-Volhard and 
Wieschaus, 1980; Warren et al., 2004, 2002; Yoshiyama et al., 2006). The ring 
gland of Drosophila is a composite endocrine organ made up of the corpora allata 
(CA), corpora cadiaca (CC) and the PG. Although the synthesis of ecdysone is 
known from 5β-Ketodiol and the synthesis of 7-dehydrocholesterol from cholesterol, 
the exact pathway of conversion from 7-dehydrocholesterol to 5β-Ketodiol (which is 
known to include shroud, spookier and Cyt6t3), remains elusive and is termed the 
“Black Box” (Ou and King-Jones, 2013). Following synthesis, ecdysone is 
subsequently secreted from PG cells and converted into the biologically active form 
of 20E in peripheral tissues by the action of Shade – the final P450 enzyme of the 
Halloween family (Petryk et al., 2003).  
 
 
 
 
 
 
 
 
 
 
 
Figure 1-5: Ecdysone biosynthesis in prothoracic gland cells.  
Cholesterol is converted by at least 4 enzymes (Neverland, Shroud, Spookier and Cyp6t3) to 
5β-Ketodiol in the endoplasmic reticulum (ER) of PG cells. 5β-Ketodiol is subsequently 
converted into ecdysone via Phantom, Disembodied and Shadow in the mitochondria (MT). 
Ecdysone is then secreted from the PG cells into the hemolymph and converted to 20E via 
Shade in the ER of peripheral tissues. Stars represent enzyme actions involved in ecdysone 
biosynthesis. Permission to adapt this figure has been granted by Current Topics in 
Developmental Biology (adapted Ou and King-Jones, 2013). 
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PTTH is released in an ultradian manner from two pairs of lateral neurosecretory 
cells in the brain that terminate onto the PG cells of the ring gland (McBrayer et al., 
2007; Mizoguchi et al., 1990; Ou and King-Jones, 2013). PTTH binds to its receptor, 
Torso, on PG cells and activates the extracellular signal-regulated kinase (ERK) 
pathway. PTTH/ERK signalling, together with insulin and tissue growth factor beta 
(TGFβ)/activin signalling, stimulates ecdysone synthesis in cells of the PG (Figure 
1-6) (Chen et al., 1996; Gibbens et al., 2011; Rewitz et al., 2009). PTTH stimulates 
ecdysone production via a pathway involving two sequential repressions. First, 
PTTH/ERK signalling represses nuclear localisation of Drosophila hormone 
receptor 4 (DHR4). In turn, nuclear DHR4 negatively regulates an ecdysone 
biosynthetic gene, Cyp6t3 (Ou et al., 2011). Cell-to-cell co-ordinated expression of 
ecdysone biosynthetic genes among PG cells is achieved by monoaminergic 
signalling (Ohhara et al., 2015). The monoamine tyramine is secreted from PG 
cells and it activates, in an autocrine manner, a G-protein coupled receptor 
(GPCR): β3-octopamine receptor (Octβ3R). Activation of Octβ3R then increases 
responsiveness to Drosophila insulin like peptides (dIlps) and also to PTTH 
(Ohhara et al., 2015). Knock down of Octβ3R via RNAi, significantly decreases 
expression of the Halloween genes: neverland, spookier, shroud, Cypt6t3, phantom, 
disembodies and shadow in the PG and results in developmental arrest, due to 
ecdysone insufficiency (Ohhara et al., 2015). 
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Figure 1-6: Regulation of ecdysone biosynthesis. 
PTTH, Activin, Octβ3R and insulin signalling cascades regulate ecdysone synthesis. PTTH and 
insulin signalling regulate expression of the P450 ecdysone biosynthetic genes of the 
Halloween group, whereas activin and Octβ3R signalling mediate responsiveness of the PG cell 
to PTTH and insulin signalling. In addition, the ERK pathway is thought to regulate DHR4 
nuclear localisation, in turn, nuclear DHR4 supresses’ expression of the Halloween gene 
Cyp6t3. Ras: rat sarcoma. Raf: rapidly accelerated fibrosarcoma. Smad: mothers against 
decapentaplegic homolog 1. PI3K: phosphatidylinositide 3-kinase. Akt: protein kinase B. P: 
phosphorylated residue. Permission to adapt this figure has been granted by Current Topics in 
Developmental Biology (adapted from Ou and King-Jones, 2013). 
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Surprisingly, genetic ablation of PTTH producing neurons does not result in a lethal 
phenotype. Instead, developmentally delayed, larger animals with prolonged larval 
instars are observed (McBrayer et al., 2007). In the ablated animals, the first and 
second larval instars were ~8 hr delayed and the time to pupariation (TTP) after the 
L2/L3 moult, was 5 instead of 2 days. As Halloween gene expression was reduced 
in the ablated animals, it was suggested that the developmental delays result from 
insufficient ecdysone biosynthesis (McBrayer et al., 2007). 
 
The gene expression cascade triggered by a single ecdysone pulse, elegantly 
explained in the Ashburner model (Ashburner et al., 1974; Ashburner and Richards, 
1976), is initiated through 20E binding to a heterodimer of two nuclear receptors: 
the Ecdysone receptor (EcR) and Ultraspiracle (USP) (Hu et al., 2003; Koelle et al., 
1991; Yao et al., 1993, 1992). However, the Ashburner model does not fully explain 
how individual tissues respond differently to the same ecdysone pulse or how the 
same tissue responds differently to temporally different ecdysone pulses (Andres 
and Thummel, 1995; Mou et al., 2012). A complex system of feed-forward and 
feed-back loops regulate ecdysteroidogenesis and impinge on EcR expression 
(reviewed in Rewitz et al., 2013). For example, EcR expression in PG cells is 
promoted by low levels of 20E, which stimulates further ecdysone biosynthesis, 
however, high levels of 20E decrease ecdysone biosynthesis via inhibition of EcR 
expression (Koelle et al., 1991). The diverse cellular responses that are observed 
in reaction to different ecdysone pulses in different tissues may, in part, be 
explained by differential expression pattern of EcR isoforms (Bender et al., 1997). 
The three EcR isoforms (EcR-A, EcR-B1 and EcR-B2) differ in N-terminal regions 
but share a common DNA-binding domain. EcR-B1 is predominantly expressed in 
larval tissues, which are targeted for apoptosis after pupariation, whereas EcR-A is 
predominantly expressed in imaginal discs that will form the integument of the adult 
(Talbot et al., 1993).  
 
Three low-titre peaks of ecdysone occur during the third larval instar and have 
been assigned roles in preparing the animal for pupariation (Figure 1-4) (Warren et 
al., 2006). In temporal order, they have been assigned to the attainment of a CW 
(defined in 1.2.2), the induction of salivary gland glue genes and the switch from 
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feeding to wandering behaviour (Lehmann, 1996; Mirth et al., 2005; Sokolowski, 
2001; Warren et al., 2006).  
 
1.2.2 Critical Weight in Drosophila 
CW in Drosophila is defined as the weight at which starvation will no longer delay 
the TTP (Mirth and Riddiford, 2007; Stieper et al., 2008). CW corresponds to the 
“seventy-hour” (after egg laying) change documented in experiments by Beadle et 
al., (1938) and Bakker (1959). In these classic experiments, it was observed that 
larvae starved at or after CW produce undersized yet viable individuals without a 
developmental delay, whilst larvae starved prior to this point arrest development 
and often die if not ultimately returned to food (Figure 1-7). In Drosophila, although 
not in other insects, starvation applied after CW shortens TTP by several hours, 
compared to fully fed controls. As the TTP for L3 larvae starved pre-CW is longer 
than that of larvae starved post-CW, a break point method can be used to estimate 
CW from plots of TTP versus larval weight at the onset of starvation (Stieper et al., 
2008). Minimal viable weight (MVW) is another closely related nutritional 
checkpoint that is attained at almost the same time as CW in Drosophila, although 
in many other insects MVW is attained much earlier than CW. This is defined as 
the weight necessary to survive until metamorphosis, regardless of whether or not 
there is a developmental delay (Mirth et al., 2005; Nijhout, 1975).  
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Figure 1-7: Effects of starvation before or after CW in Drosophila.  
Schematic representation of Drosophila larval development and the response to starvation. 
Larvae experience exponential growth (black line) throughout the larval instars (L1-L3) and, if 
fed on an optimal diet, pupariate at ~96 hr after larval hatching. Starvation pre-CW and 
subsequent re-feeding delays TTP by a margin larger than the period of starvation but does not 
affect final body size. Starvation post-CW does not delay TTP but decreases final body size. 
Continuous starvation administered pre-CW, results in developmental arrest and eventually 
death. Period of feeding: black trace. Period of starvation: red trace. CW attained: blue line. 
Permission to adapt this figure has been granted by Current Biology (adapted from Tennessen 
and Thummel, 2011). 
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The feeding period of larval development after attainment of CW is referred to as 
the terminal growth phase (TGP), during which time the larva can quadruple its size 
depending upon nutrient availability (Beadle et al., 1938; Edgar, 2006). Signalling 
via the Insulin-like receptor (InR) produces different outcomes either side of CW. 
Pre-CW, the decrease in insulin signalling through the InR (IIS), triggered by 
moving larvae to a nutrient restricted (NR) medium, reduces the growth rate and 
delays TTP (Prabhu and Robertson, 1963). However, post-CW, alteration of IIS 
during the TGP does not alter TTP but does regulate final body size (Prabhu and 
Robertson, 1963). Furthermore, experimentally manipulating IIS in the PG can alter 
ecdysone biosynthesis. For example, increasing IIS in the PG boosts ecdysone 
levels, leading to precocious CW attainment and even pupariation at a smaller-
than-normal size during the L2 stage (Mirth et al., 2005). 
1.2.3 Molecular mechanisms underlying CW 
Larvae commit to metamorphosis at CW and this is thought to be mediated by a 
small ecdysone pulse at ~60 hours after larval hatching (hr ALH, all times of 
development will be reported as hr ALH unless explicitly stated otherwise) (Koyama 
et al., 2014; Mirth and Riddiford, 2007; Mirth and Shingleton, 2012). Koyama et al. 
(2014), proposed a model to account for the developmental arrest of pre-CW 
starved larvae. Larval moults involve a short period of non-feeding and, in their 
model, starvation at the L2/L3 moult reduces IIS and so increases nuclear 
localisation of Forkhead Box class O transcription factor (FoxO), which then binds 
to USP in the PG. The formation of FoxO-USP then inhibits EcR-USP signalling in 
the PG, thus decreasing Halloween gene expression and ecdysone biosynthesis. 
After the L2/L3 moult, feeding gradually increases IIS in the PG during the third 
instar, leading to FoxO phosphorylation and nuclear exclusion, thus decreasing 
FoxO complexed to USP and enabling EcR-USP signalling to stimulate ecdysone 
biosynthesis. During L3, ecdysone levels eventually reach a threshold at CW and 
initiate the processes that commit to the onset of pupariation. In the Koyama 
model, starvation pre-CW results in nuclear FoxO remaining bound to USP, thus 
repressing ecdysone biosynthesis and resulting in developmental arrest (Koyama 
et al., 2014).  
Ohhara et al. (2015) subsequently proposed a model accounting for how the large 
Chapter 1 Introduction 
34 
 
titre ecdysone peak is generated downstream of the CW larval-size checkpoint. 
Ohhara et al. (2015), observed a progressive decrease in tyramine levels in PG 
cells after 60 hr, which they concluded is due to increased tyramine secretion from 
the PG and thus increased autocrine Octβ3R signalling. The depletion of 
intracellular tyramine stores after 60 hr could be abrogated by starvation before but 
not after CW. Furthermore, they found that experimentally decreasing tyramine 
signalling in the PG (via tissue-specific Octβ3R knockdown) abrogated the increase 
in IIS and PTTH/ERK signalling normally observed in PG cells between 48 hr to 60 
hr (Ohhara et al., 2015). Octβ3R knockdown caused larval developmental arrest 
unless this knockdown was triggered after 72 hr, strongly suggesting that autocrine 
regulation of Octβ3R by tyramine acts to increase PG responsiveness to dIlps and 
PTTH, elevating Halloween gene expression and therefore boosting ecdysone 
biosynthesis to levels high enough to trigger the larval to pupal transition.  
1.3 Metabolic profiling and metabolomics 
Several Drosophila
 
studies have shown how nutrition, temperature and oxygen 
levels can influence when CW is attained (Callier et al., 2013; Colombani et al., 
2005; De Moed et al., 1999; Ghosh et al., 2013). It nevertheless remains unclear 
how CW and ecdysone signalling are linked to downstream metabolic changes that 
drive the process of pupariation. It is also unclear whether or not any of these 
downstream metabolic changes might feed back upon the timing of the peaks in 
ecdysone signalling. These are questions that I address in this thesis by using 
metabolomics to identify small molecules that change during larval development in 
a CW attainment-dependent manner.  
Metabolites are the end products of all cellular processes and thus could be said to 
be more proximal to the phenotype of the organism than are mRNA transcripts or 
proteins (Camacho et al., 2005; Worley et al., 2013). Therefore, sampling the 
metabolome at different points in the developmental progression of an organism 
could show how developmental transitions and dietary/genetic manipulations alter 
the metabolism of an organism. Metabolic profiling typically describes the analysis 
of a whole (homogenised) organism or an organism-derived bodily fluid (e.g. 
hemolymph, serum or plasma) through high-resolution nuclear magnetic resonance 
(NMR) spectroscopy and/or mass spectrometry (MS) (Camacho et al., 2005). 
Chapter 1 Introduction 
35 
 
These techniques provide, essentially, an instantaneous global snapshot of the 
small molecule complement of an organism (or tissue) at a post-transcriptional and 
post-translational level. In comparison to MS, NMR spectroscopy suffers from low 
sensitivity. However, NMR requires little-to-no sample purification or chemical 
derivatisation and so can deliver reliable and reproducible estimates of absolute 
metabolite concentrations (when internal standards are used). NMR is arguably 
unmatched at solving the chemical structures of “unknowns” and, in combination 
with isotopic labelling, also provides a powerful method for pinpointing key changes 
in metabolism between different biological samples (Fan and Lane, 2016; Markley 
et al., 2017; Nagana Gowda and Raftery, 2015). In this thesis, NMR spectroscopy 
is used to record and analyse Drosophila-derived metabolomes; therefore, an 
introduction into the basic physics of the NMR phenomena will follow. 
1.3.1 NMR spectroscopy 
The basis of 1H NMR spectroscopy involves recording NMR signals arising from 
excitation of hydrogen nuclei (protons) by radiofrequency radiation. The generation 
of a NMR signal is possible due a quantum mechanical property of the proton 
called spin, which can be thought of as a magnetic moment vector and results (in a 
semi-classical picture) in the proton behaving like a small magnet (Rattle, 1995). 
When a nucleus is placed into an applied magnetic field, the spin vector can be 
thought of as aligning with the applied field, following a processional motion with 
angular frequency proportional to the field strength – the Larmor or resonance 
frequency (Balcı, 2005; Keeler, 2010; Rattle, 1995). As a proton has a spin 
quantum number of ½, protons in an applied magnetic field can exist in one of two 
energy (spin) states – a lower and higher energy configuration (Balcı, 2005). A 
nucleus in the lower energy state can absorb a photon to transition to the higher 
energy state. The energy of the photon needed for this level transition is 
proportional to its frequency and this frequency is equal to the Larmor frequency of 
the nucleus (Rattle, 1995). In simple terms, the peaks on a NMR spectrum are the 
result of the transitions between energy levels of nuclei, achieved via application of 
a short intense pulse of radio frequency radiation at the appropriate frequency 
(Rattle, 1995)(Figure 1-8). 
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Figure 1-8: Nuclei transition to a higher energy configuration upon absorption of 
a photon. 
The application of an applied magnetic field results in splitting of a hydrogen nucleus into two 
energy states: an upper (Eupper) and lower (Elower) energy state. A nuclei can transition to the 
Eupper if it absorbs a photon with energy equal to Eupper – Elower, which is also equal to Planck’s 
constant (h: 6.626 x 10-34 J s) multiplied by the Larmor frequency of the chosen nucleus (v). The 
result is an absorption line in the spectrum, at frequency v. 
 
The Larmor frequency of a nucleus is proportional to the “total magnetic field” at the 
nucleus; this total field differs from an applied field as the applied field induces an 
opposing magnetic field in the surrounding electrons (Keeler, 2010). The nucleus is 
said to be “shielded” to various degrees depending on the density of the electron 
cloud at the nucleus, itself dependent on the local chemical environment (i.e. 
bonding). The different effective magnetic fields “felt” by the nucleus allow 
distinction between different chemical environments within the same molecule. 
Therefore, the different nuclei of the same element (e.g. the proton) in the molecule 
will have different resonant frequencies; this effect is termed the chemical shift 
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phenomenon (Keeler, 2010; Rattle, 1995). The chemical shift is a precise metric of 
the chemical environment around a nucleus and is reported as the difference 
between the Larmor frequency of the nucleus in question and a standard, 
normalised to the frequency exhibited by that standard and is expressed 
mathematically by: 
         𝛿   𝑝𝑝𝑚 = 10!  ×   𝜈 − 𝜈!!"𝜈!"#  
 
where the chemical shift (δ) is expressed in parts per million (ppm), ν is the 
frequency of the NMR peak in question and vref is the frequency of the standard’s 
NMR peak (Keeler, 2010). 
 
As the lines on an 1H NMR spectrum denote protons in different chemical 
environments (at different chemical shifts), the area under a given resonance, the 
peak integral, is proportional to the number of protons in equivalent chemical 
environments giving rise to that feature – i.e. the number of equivalent protons 
present (Keeler, 2010). Nuclei experiencing different chemical environments from 
each other are termed non-equivalent nuclei. Non-equivalent nuclei exert an effect 
on each other if the distance between these nuclei is less than or equal to three 
bond lengths, this effect is termed spin-spin or J coupling and results in peak 
splitting and the appearance of multiplets (Keeler, 2010; Rattle, 1995). In simple 
terms, the position of NMR peaks (/NMR peak clusters) on a spectrum defines a 
metabolite’s identity (set of chemical environments), peak heights (area under the 
curve) correspond to equivalent protons and the collective peak heights (the height 
of all the peak clusters of the same metabolite) informs on the concentration of the 
metabolite. Figure 1-9 displays 1H NMR spectra for ethanol at two concentrations. 
As can be observed in the spectra, different chemical environments in the molecule 
result in two peak clusters or multiplets; the height (or signal intensity) of the peaks 
in spectrum A is twice that of the peaks in spectrum B, due to the higher 
concentration of ethanol in spectrum A.  
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Figure 1-9: NMR peak positions and collective peak heights define metabolite 
identity and concentration. 
Synthetic 700 MHz 1H NMR reference spectra for A) 0.3 mM ethanol; B) 0.15 mM ethanol. 
Equivalent methylene protons i (enclosed in red trace) correspond to the NMR peak cluster i in 
both spectra. Equivalent methyl group protons ii (enclosed in green trace) correspond to the 
NMR peak cluster ii in both spectra. A peak for the hydroxyl proton is absent from the spectra 
as it exchanges with the solvent, deuterium oxide (D2O). 
 
1.3.2 Targeted profiling  
The primary aim of metabolic profiling studies is to identify from the recorded 
spectra the individual metabolites that vary between two or more biological 
conditions. Identification of the peaks that correspond to metabolites in recorded 
NMR spectra of unknown metabolite mixtures can be achieved using targeted 
profiling. Here, spectra are characterised by “fitting” reference metabolite spectra to 
the experimental spectrum, which upon cumulatively fitting of reference spectra can 
eventually model the experimentally recorded spectrum (Weljie et al., 2006). These 
reference spectra are stored in databases such as the Human Metabolome 
Database (HMDB), the BioMagResBank (BMRB) and the Chenomx software library 
(Chenomx Inc.) (Ulrich et al., 2008; Weljie et al., 2006; Wishart et al., 2007). In 
particular, use of the Chenomx NMR Suite software enables not only identification 
of a large number of metabolite resonances but also enables quantification of 
metabolite concentrations in the NMR sample, when related to the known 
concentration of a NMR standard. Once the quantified concentrations of 
metabolites between samples is collected into a data matrix, statistical methods 
such as analysis of variance (ANOVA) followed by post-hoc tests such as Tukey’s 
“honestly significant difference” (HSD) (Abdi and Williams, 2010) can determine if 
significant differences exist in a metabolites concentrations between the groups 
and between which groups this significance exists respectively.  
 
Targeted profiling excels at assigning metabolite identity to individual peak clusters 
in areas where the peaks for multiple metabolites overlap (Weljie et al., 2006) 
(Figure 1-10). However, the use of targeted profiling in identifying “significant” 
metabolites becomes a major challenge as the number of biological conditions to 
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be analysed increases. For example, targeted profiling can become especially 
labour intensive when replicate NMR spectra are analysed from males versus 
females, different developmental stages, and genetic/dietary manipulated samples. 
 
 
 
 
 
 
 
Figure 1-10: Targeted profiling enables identification of peaks corresponding to 
metabolites. 
Fitting of reference spectra (red traces) to recorded spectra (blue trace) in a cumulative manner 
enables identification of peaks corresponding to metabolites, even in areas of metabolite peak 
overlap. The green trace is the difference between the recorded spectrum and the “fitted” 
spectrum. OPC: O-phosphocholine, Arg: arginine, OPE: O-phosphoethanolamine, OPT: O-
phosphotyrosine. 
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1.3.3 Multivariate analysis of large metabolomic datasets. 
The challenge posed by large metabolomic datasets can be addressed through the 
use of multivariate analysis (MVA) methods (Gowda and Raftery, 2017). In 
principle, MVA methods can be used to effectively reduce the size of the dataset 
from a large number of recorded variables, many of which are inter-correlated, to a 
manageable form from which it is possible to extract deterministic properties 
(Worley and Powers, 2013).  
A first port of call when applying MVA to a large collection of NMR spectra is 
principal component analysis (PCA) (Mercier et al., 2011). In essence, PCA can be 
used in an unbiased, unsupervised manner to find an approximation reduced form 
of the original data matrix (i.e. the collected spectra) with a much smaller number of 
variables than were originally measured (Kemsley, 1996). PCA thus achieves 
“dimensionality reduction” and facilitates the identification of patterns and trends in 
the data (Wold et al., 1987). The new uncorrelated variables, cast in terms of 
principal components (PCs), are linear combinations of the original inter-correlated 
variables (Kemsley, 1996). PCs are ranked by the proportion of the variance of the 
original data that they each capture (usually expressed as a percentage). It is 
assumed that the magnitude of the variance correlates with importance, e.g. large 
variance in the signal intensities between two samples means that those two 
samples are different in some way. Each sample is scored according to the 
summed contributions of the PCs that best approximate the corresponding 
spectrum. Thus samples that display similar spectral features (similar metabolites 
at similar concentrations) will cluster together when their scores are visualised in a 
PCA scores plot (Wold et al., 1987) (Figure 1-11). Each point on the scores plot 
represents a single spectrum; for a set of spectra the positions on the scores plot 
shows how sample spectra relate to one another (Smolinska et al., 2012). This 
means that the PCA scores plot effectively reports on the group structure in the 
original data, i.e. one expects to see clustering between similar sample classes and 
separation between different sample classes, at least when variation between 
groups is greater than that within a group (Worley and Powers, 2013). Therefore, 
PCA can provide a relatively straightforward means to check the integrity of the 
data and/or the presence of interesting “structure”. For example, biological 
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replicates are expected to provide similar spectra and so should cluster together on 
the PCA scores plot. Outliers, samples that fail to cluster with their fellow replicates, 
represent samples for which there is variation that requires explanation.  
 
 
 
Figure 1-11: Similar spectral groups cluster together in a PCA scores plot. 
The standard two-dimensional PCA scores plot summarises the scores assigned to the spectral 
groups along the first and second principal components (PC1 and PC2). The example provided 
here is a PCA scores plot for 12 one-dimensional NMR spectra from three distinct sample 
groups (each represented by a different symbol). In total, for this example, this plot captures 
~87% of the variance in the whole dataset.  
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Another set of outputs generated in PCA are the loadings. The loadings encode the 
variables within the spectra responsible for the sample separation in scores space. 
The loadings can be interrogated to identify the metabolites that differ in 
concentration between sample classes and thus are the basis of separation 
(Smolinska et al., 2012). Each PC has a corresponding loading. Ideally class 
separation corresponds to features that emerge in the first PC (PC1), and be 
directly “read-off” from the corresponding loadings plot. In the case of PCA applied 
to the samples presented in Figure 1-11, the loadings from PC1 would highlight the 
features (metabolites) that distinguish Group 1 from the other two groups, whilst the 
loadings for PC2 would highlight the differing features between Group 3 and the 
other two groups.  
1.3.4 Drosophila studies using metabolomics 
Proton NMR spectroscopy followed by MVA has been widely implemented to 
identify “biomarker” metabolites in humans, or model organisms that distinguish 
sample classes in cancer, diabetes, infection, longevity and nutrition (Adamko et 
al., 2016; Shen et al., 2016; Wei et al., 2014; Wijeyesekera et al., 2012; Zhang et 
al., 2016). However, a major challenge for metabolomic studies involving flies, 
rather than mammals, is their small size and the consequent difficulties in 
producing tissue samples of sufficient volume for analysis. Dilution of these small 
volume samples is required for further NMR analysis. However, differing dilutions 
resulting from a lack of an a priori knowledge of the exact volume recovered from 
the specimen can mask subtle specific (possibly significant) variation in features 
(metabolites) between the samples. Appropriate normalisation can be used to 
account for non-specific overall dilution effects, enabling visualisation of any 
specific variation present (Figure 1-12). Probabilistic quotient normalisation (PQN) 
has proven to be a robust method to account for dilution of complex biological 
mixtures (e.g. urine samples), outperforming other commonly used means of 
statistical normalisation, such as integral normalisation (Dieterle et al., 2006). PQN 
has been shown to be effective in handling non-specific variation (dilution) in a set 
of spectra, as this variation is assumed to apply to the majority of features in the 
spectrum. After PQN, specific variation observed for a minority of features between 
sample groups becomes apparent. However, successful application of PQN is 
Chapter 1 Introduction 
44 
 
limited by a requirement for the “spectral mass difference” between the spectra to 
be lower than ~50% (Dieterle et al., 2006). In other words, if experimental 
manipulations significantly alter the number of features (concentrations of 
metabolites) that differ between groups of recorded spectra by more than 50%, 
normalisation via PQN might fail to highlight that specific variation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-12: Normalisation uncovers specific variation. 
Schematic representation of the NMR spectra of two independent samples pre- (A) and post- 
(B) PQN normalisation. The blue sample is diluted by a factor of three in comparison to the red. 
After normalisation, specific variation in a few features (signified by *) becomes apparent. Figure 
adapted from Dieterle et al., (2006). 
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Relatively recent work in the Gould lab has developed a technique for obtaining 
absolute metabolite concentrations from sub-microlitre Drosophila samples (Cheng 
et al., 2011; Ragan et al., 2013). The methodology, known as volume determination 
with two standards (VDTS), facilitates the determination of absolute metabolite 
concentrations from small amounts of Drosophila hemolymph (blood) of unknown 
volume using a back-calculation method (Ragan et al., 2013) (see Materials and 
Methods 2.4). The measurement of absolute rather than relative concentrations of 
metabolites is particularly important when studying the effects of starvation, as in 
this thesis. This is because starvation decreases the concentration of the vast 
majority of features in the spectrum, in comparison to fed samples, resulting in 
unsuccessful normalisation via PQN (Ragan et al., 2013). Successful normalisation 
of fed and starved sample-derived spectra can instead be achieved via 
normalisation using the determined recovered volumes of hemolymph. 
Many metabolomic studies of Drosophila have now been published. Gas 
chromatography (GC) MS-based metabolome analysis have demonstrated, for 
example: the similarities between tumour metabolism and metabolism during 
Drosophila embryogenesis; how the collection of metabolite profiles can enable the 
development of models to predict embryonic stage; and how the diet of Drosophila 
larvae can alter the lipid composition of their membranes (An et al., 2014; Carvalho 
et al., 2012; Tennessen et al., 2014). Interestingly, investigations into age-related 
metabolome changes have associated the vitamin-like metabolite choline with 
longevity in Drosophila as well as in Caenorhabditis elegans and in the mouse 
(Fuchs et al., 2010; Sarup et al., 2012; Wijeyesekera et al., 2012). Silimarily, 
Gogna et al., (2015) employed a NMR-MVA metabolomics approach to 
demonstrate that several metabolites, observed to oscillate during the Drosophila 
daily cycle, are also conserved in a silimar cycle in mice and humans (Ang et al., 
2012; Minami et al., 2009). These studies, that demonstrate a conserved 
association between metabolites and a biochemical mechanism, provide a 
justification for using organisms like Drosophila to model aspects of mammalian 
biology.  
Heinrichsen et al., (2014), employed both transcriptomic and metabolomic analyses 
to flies fed a high fat diet (HFD) and observed that the flies displayed an altered 
Chapter 1 Introduction 
47 
 
amino acid, fatty acid and carbohydrate metabolism. In particular, lactic and uric 
acid were significantly increased relative to controls, suggesting that genes 
involved in carbon and nitrogen metabolism may be affected. Interestingly, 
CG9510, which shares sequence similarity to human arginosuccinate lyase (ASL), 
an enzyme involved in carbon and nitrogen metabolism, was found to be 
downregulated in flies on a HFD. Flies with RNAi-mediated knock down of CG9510 
were observed to share a similar metabolite profile and phenocopy (in terms of 
reduced cold tolerance) flies fed a HFD, whilst overexpression of CG9510 
ameliorated some of the negative consequences of a HFD (Heinrichsen et al., 
2014). In line with the abovementioned utility for Drosophila as a metabolic model 
for mammalian systems, it would be interesting to determine how manipulation of 
ASL in mammalian systems will affect animals fed a HFD. 
Unlike the study conducted by Heinrichsen et al., the majority of Drosophila 
metabolomics studies reported are descriptive and little has been done thus far to 
follow up candidate metabolites at the functional level using the power of fly 
genetics. In contrast, this thesis starts with a descriptive metabolomic analysis of 
the Drosophila larval-to-pupal transition but then follows up selected metabolites at 
the functional level using Drosophila genetics. 
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Chapter 2. Materials & Methods 
2.1 Drosophila stocks 
All stocks were maintained on our standard (2x) growth medium (58.5 g/L 
glucose, 6.63 g/L cornmeal, 23.4 g/L dried yeast, 7.02 g/L agar, 1.95 g/L 
Nipagen, 7.8 mg/L Bavistan). The inbred, “isogenic” Drosophila strain: 
w1118; 2iso; 3iso (iso 31) was kindly provided to us by John Roote from the 
University of Cambridge (Ryder et al., 2004). GAL4 drivers used in this 
study were: ;;tubulin 1α promoter (tub)-GAL4/TM6,Sb,Hu,Deformed::YFP 
(dfYFP) (Lee and Luo, 1999) and ;;A58-GAL4/TM6,Sb,Hu,dfYFP (self 
made by crossing ;;A58-GAL4/TM6b,Tb,Hu (a gift from Michael J. Galko 
(Galko and Krasnow, 2004)) to tub-GAL4/TM6,Sb,Hu,dYFP). Tub-GAL4 
expresses GAL4 ubiquitously throughout development whilst A58-GAL4 
expresses GAL4 in an epidermal specific manner throughout larval 
development. The following RNAi lines were used from the Vienna 
Drosophila RNAi Centre (VDRC) (Dietzl et al., 2007): VDRC ID #60000 
(w1118  , the host strain for the RNAi library); prophenoloxidase 1 
(CG42639) RNAiKK107599; dopa decarboxylase (CG10697) RNAiKK109881; 
glutamate oxaloacetate transaminase 2 (CG4233) RNAiKK106120; and 
alkaline phosphatase (Alp) 4 (CG1461) RNAiGD6864. The following RNAi 
lines were used from the Transgenic RNAi Project (TRiP) (Flockhart et 
al., 2006): y1, v1;P{CaryP}attP4 (used as a control TRiP RNAi line, 
hereafter called TRiP Ctrl); tyrosine decarboxylase 2 (CG30446) 
RNAi25871 ; Alp1 (CG5656) RNAi28564 ; Alp4 (CG1461) RNAi28740. The 
double Alp4 and Alp1 KD (Alp4i;;Alp1i) was self made by crossing 
CG1461 RNAiGD6864 and CG5656 RNAi28564 (UAS-CG1461 RNAiGD6864;; 
UAS-CG5656 RNAi28564). 
 
2.2 Larval staging and collection 
Polar metabolites were extracted from larvae of a Drosophila 
melanogaster isogenic strain (w1118 iso 31) (Ryder et al., 2004). Six 
different dietary regimes were applied to the larvae, exposing them to 
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either fed or NR conditions: 51 hr fed, 60 hr fed, 84 hr fed, 51 hr fed + 24 
hr NR and 60 hr fed + 24 hr NR. To collect larvae from these regimes, L1 
larvae were transferred to a 2x medium within 1 hour of hatching and 
raised at 25°C for either 51 or 60 hours. Larvae were then floated from 
the medium using a 30% glycerol/PBS, rinsed with PBS and either 
prepared for polar metabolite extraction, moved to a NR medium (1% 
agarose in PBS) for a further 24 hours at 25°C (51 hr fed + NR and 60 hr 
fed + NR samples) or moved to the 2x medium for a further 24 hours at 
25°C (84 hr fed samples). 
Larval samples were collected in single sex groups of 10 for the fed 
samples (51 hr fed, 60 hr fed and 84 hr fed); and 15 for the NR samples 
(51 hr fed + 24 hr NR and 60 hr fed + 24 hr NR). Each condition was 
collected in (at least) triplicate. Larvae were blotted dry on tissue paper, 
had their group weight measured and were then transferred to either a 45 
mm culture dish for hemolymph extraction or a micro-centrifuge tube for 
whole larval homogenisation.  
2.2.1 Dietary manipulations 
For the “fed” dietary manipulation experiments, L1 tub>TRiP Ctrl and 
tub>Alp4 RNAi28740 larvae were transferred to 2x supplemented with 1.5 
g/L L-tyrosine (Sigma-Aldrich, T8566) within 1 hour of hatching, 4 
replicate vials were collected for each condition with 15 larvae per vial. 
For the “NR” dietary manipulation experiments, L1 tub>TRiP Ctrl and 
tub>Alp1 RNAi28564 larvae were transferred from 2x after 60 hr to NR 
medium supplemented with tyrosine. NR medium was supplemented with 
tyrosine via two methods: acidifying a solution of NR supplemented with 
1.5 g/L L-tyrosine with 1 M hydrochloric acid (HCl), until the solution 
becomes clear or collecting the supernatant of the NR solution 
supplemented with 1.5 g/L L-tyrosine after overnight mixing (generating a 
NR solution saturated with tyrosine). The pH of each solution was 
confirmed using pH Indicator and Test Paper Reels (Camlab, 1153787). 
From these NR supplemented with tyrosine solutions, 15 mixed sex 
larvae were collected per condition and each condition was collected in 
triplicate. 
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2.3 Measuring time to pupariation 
TTP was determined for synchronised (at hatching) larval cultures in vials 
at 25 °C. 4 vials were set up in parallel for each condition and 15 larvae 
were cultured in each vial. New pupae were counted every two hours 
from emergence of the first, until all larvae that had been transferred to 
the vials had pupariated or no new pupae appeared for 36 hours. For 
data visualisation, the number of larvae that had reached pupariation was 
set as 100% and the number of larvae that had pupariated by a certain 
time was plotted as a percentage of the final number of pupae.  
 
2.4 Non-matched VDTS 
2.4.1 Hemolymph extraction  
An optimised version of the VDTS technique (Ragan et al., 2013)
 
was 
followed for the analysis of polar metabolites from hemolymph samples. 
This method involved using a Hamilton syringe (to ensure accuracy) to 
transfer either 10 µL of ice-cold saline with 25 mM sodium 13C-formate 
(Sigma, 279412) or 10 µL of ice-cold saline with 4 mM sodium 4-Chloro-
3,5-dinitrobenzoic acid (4-Cl-DNBA, Sigma, C38907) to each group of 
sorted larvae. Sharp forceps were used to tear the cuticle of each larva, 
releasing hemolymph into the transferred droplet, without damaging any 
internal organs. All larvae in the droplet were “opened” within 2 minutes 
and 7.5 µL of the saline/standard (either 13C-formate or 4-Cl-
DNBA)/hemolymph solution was then removed with a Hamilton syringe 
and added to 100 µL reverse-osmosis deionised water in microcentrifuge 
tube containing a 0.22 µm filter unit (Millipore, UFC30GV0S). Any cells 
present, such as hemocytes were cleared from the solution by 
centrifugation (1 minute at 13 krpm). 100 µL of the cleared solution was 
then transferred to 200 µL reverse-osmosis deionised water containing 90 µM sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS), this would be 
the experimental, “opened” sample. To control for non-specific interaction 
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of the sodium formate or 4-Cl-DNBA with the larval cuticle and to 
determine volume of hemolymph released, another group of larvae were 
treated as described above but did not have their cuticles “opened” in the 
droplet and, therefore did not release hemolymph; this would act as the 
control “blank” sample. 
2.4.2 Whole larval homogenisation 
Determination of the volume released after whole larval homogenisation 
involved using a Hamilton syringe to transfer 10 µL of ice-cold saline with 
25 mM sodium 13C-formate to each group of sorted larvae within their 
microcentrifuge tubes. A homogeneous mixture of the whole larval (and 
formate solution) samples was then achieved using a motorised hand-
held (Kontes) pellet pestle (Sigma-Aldrich, Z359947) with the 
microcentrifuge tube acting as a mortar. Larvae were homogenised for 30 
seconds and the resulting suspension was pelleted by centrifugation (2 
min at 13 krpm). 7.5 µL of the homogenised solution was then removed 
(again using a Hamilton syringe) and transferred to 200 µL reverse-
osmosis deionized water containing 90 µM sodium-DSS, generating the 
“opened” sample. The “blank” sample was generated by treating another 
group of larvae as described above but without homogenisation. 
2.4.3 Whole adult homogenisation 
The optimised version of the whole larval VDTS technique, mentioned 
above, was further optimised to extract polar metabolites from whole 
adults. Adults were anesthetised on a CO2 pad and then kept sedated by 
transference onto a chilled (with ice) glass plate, where the adults are 
washed thrice with 70 % ethanol. Washed adults blotted dry on tissue 
paper and subsequently transferred in groups of 10 to microcentrifuge 
tubes. Using a Hamilton syringe, 10 µL of ice-cold saline with 4 mM 
sodium 4-Cl-DNBA, was transferred to each group and a homogeneous 
mixture was again achieved using a motorised hand-held pellet pestle 
with the microcentrifuge tube acting as a mortar. The remainder of the 
technique follows 2.4.2. 
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2.4.4 Polar metabolite extraction 
Polar metabolites were extracted from the homogenised/cleared 
hemolymph solution using the method of Bligh and Dyer (Bligh and Dyer, 
1959). Briefly, the solution was mixed with 750 µL 2:1 methanol-
chloroform solution by vortexing. Phase separation of polar metabolites 
and apolar lipids/amphipathic peptides was achieved by the addition of 
250 µL chloroform followed by 250 µL of water. The upper, aqueous layer 
was then aspirated and evaporated to dryness (Savant DNA centrifugal 
evaporator), before re-suspension in 160 µL 99.9% D2O (Millpore, 7789-
20-0) and transfer to a 3 mm NMR tube (Bruker Biospin). 
2.5 Matched VDTS 
2.5.1 Matched hemolymph extraction 
Matched hemolymph extraction follows the optimised version of the 
hemolymph VDTS technique detailed in 2.4.1, with the exception that 20 
µL of ice-cold saline with 25 mM sodium 13C-formate was transferred to 
each group of sorted larvae. After 1 min, 7.5 µL of this sodium-formate 
solution in contact with larvae was then transferred using a Hamilton 
syringe to 100 µL reverse-osmosis deionised water in microcentrifuge 
tube containing a 0.22 µm filter unit, this would act as the “blank” sample. 
Larval cuticles were then torn in the remaining sodium-formate droplet, 
thus releasing hemolymph. 7.5 µL of this sodium-formate-hemolymph 
solution was then transferred to another 100 µL reverse-osmosis 
deionised water in microcentrifuge tube containing a 0.22 µm filter unit; 
this would be the “opened” sample. Both microcentrifuge tubes were 
centrifuged (for 1 min at 13krpm) and 100 µL of the flow through was 
transferred to different aliquots of 200 µL reverse-osmosis deionized 
water containing 90 µM sodium-DSS. 
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2.5.2 Matched whole larval homogenisation  
Matched whole larval homogenisation follows the optimised version of the 
whole larval VDTS technique detailed in 2.4.2, with the exception that 20 
µL of ice-cold saline with 25 mM sodium 13C-formate was transferred to 
each group of sorted larvae. 7.5 µL of this sodium-formate solution in 
contact with larvae was transferred using a Hamilton syringe to 200 µL 
reverse-osmosis deionized water containing 90 µM sodium-DSS; this 
would act as the “blank” sample. Larvae were then homogenised, in the 
same manner as in 2.4.2 and 7.5 µL of this homogenate solution was 
transferred to another aliquot of 200 µL reverse-osmosis deionized water 
containing 90 µM sodium-DSS; this would act as the “opened” sample. 
 
2.6 Acquisition and processing of NMR spectra 
 One-dimensional (1D) 1H NMR spectra of the metabolites extracted from 
the larval samples were acquired using the procedures as described in 
Ragan et al. (2013). This entailed spectral acquisition of each sample for 
~30 min, with a Bruker Avance III instrument with a nominal 1H frequency 
of 700 MHz. The standard Bruker pulse sequence noesypr1d was 
employed with the following parameters consistent with the 
recommendations provided for use of the Chenomx NMR Suite software 
package: sweep width 20 ppm, acquisition time 4 s, relaxation delay 1 s, 
mixing period 10 ms, with solvent presaturation power of 0.02 mW (B1 
field ~50 Hz) applied to the residual HOD signal at 4.7 ppm. Typically 
300-500 transients were acquired per measurement. Free induction 
decays were then zero-filled, apodized with exponential multiplication 
(line broadening factor LB = 1 Hz), Fourier-transformed and the resulting 
spectra were phase corrected in NMRLab (Gunther et al., 2000), before 
transfer to Metabolab (Ludwig and Günther, 2011), where baseline 
correction and spectral binning (with a fixed bin width of 0.08 ppm) was 
applied. Finally, NMR peaks in the different spectra were aligned using 
Icoshift (Savorani et al., 2010).  
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2.7 Chemometeric analysis 
Chemometric analysis was also carried out as in Ragan et al. (2013). This 
entailed transferring the baseline-corrected, peak-aligned NMR spectra 
from Metabolab to MATLAB (The MathWorks, Inc.). In MATLAB, spectra 
were normalised using volumes recovered from hemolymph release or 
whole larval homogenisation, depending on the source of the spectra. 
Normalised spectra were subsequently transferred to PLS Toolbox 
(Eigenvector Research Inc.). In PLS Toolbox, the region from 8.65 to 
12.75 ppm was removed alongside 4.7 to 4.9 ppm and -3.2 to 0.72 ppm. 
Spectra were further mean-centred and variance-stabilised using Pareto 
scaling in PLS Toolbox (van den Berg et al., 2006) prior to PCA, which 
was also carried out using the PLS Toolbox software. A contiguous block 
validation method was applied during the PCA to ensure the stability of 
the model. 
Metabolite concentrations were measured using the Chenomx NMR Suite 
programme. Here, after processing of the spectra (zero-filling, Fourier 
transformation, phase and baseline-correction) in Chenomx NMR 
Processor, a chemical shape indicator (CSI) is fitted to the DSS 
trimethylsilyl resonance. This fitting calibrates the Chenomx reference 
library of metabolite spectra. In Chenomx NMR Profiler, manually guided 
fitting of these reference spectra to the NMR peaks in the recorded 
spectra yielded a readout of metabolite concentrations relative to that of 
the DSS standard. 
The derived metabolite concentrations were collected in a matrix, with 
each row corresponding to a particular spectrum (sample) and each 
column corresponding to a particular metabolite’s concentration. Absolute 
metabolite concentrations were then calculated from these derived 
metabolite concentrations after determination of recovered 
hemolymph/whole larval volumes, using the formulae associated with 
VDTS (Ragan et al., 2013). The differences in metabolite levels between 
classes were tested by a two-way ANOVA test and significance was 
determined using Tukey’s HSD test (Abdi, 2010), using StatPlus:mac Pro 
(AnalystSoft Inc.). 
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The volume of hemolymph recovered after cuticular tearing within the 4-
Cl-DNBA solution (Vh), was achieved using the formula defined in Ragan 
et al. (2013). This formula is written as: 
𝑉! =    𝐼!!!𝐼!! − 1   𝑉! 
where Ic’S/I’S
 
is the ratio of the concentrations of the standard (which in the 
case of hemolymph VDTS is 4-Cl-DNBA) in the “blank” (control: c) sample 
and the “opened” (hemolymph released) sample, respectively. These 
concentrations are obtained by the fitting of corresponding NMR 
resonance peak intensities in Chenomx NMR Profiler and the primes 
indicate that each of the two spectra have been normalised to the DSS 
trimethylsilyl resonance, which is assumed to have the same 
concentration in the two samples. In non-matched VDTS, Ic’S is the 
average concentration of the standard from all “blank” spectra. In 
matched VDTS, Ic’S is a single standard concentration from the 
appropriate “blank” sample each matched to “opened” sample (i.e each 
Ic’S is unique). This difference between non-matched and matched VDTS 
Ic’S  values follows for matched and non-matched whole larval and whole 
adult VDTS. VS is the volume of standard solution into which the 
hemolymph was initially released. Taking the ratio of VS to Vh (the dilution 
factor), allows for determination of the absolute concentration of 
metabolite X in the hemolymph ([X]h), according to: 
[𝑋]! =    𝐼!𝐼! 𝑉!𝑉! [𝑆]! 
where [S]0 is the concentration of the standard transferred to the larval 
samples and IX/IS is the ratio of the concentration of metabolite X and the 
4-Cl-DNBA standard obtained by fitting of the corresponding NMR 
resonance peak intensities in Chenomx NMR Profiler.  
The volume recovered after whole larval homogenisation within the 13C-
formate solution (VWL), was determined in much the same way, with the 
formula written as: 
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𝑉!" =    𝐼!!!𝐼!! − 1   𝑉! 
here, VS is the volume of the standard solution in which larvae are 
homogenised. Taking the ratio of VS to VWL, allows for determination of 
the absolute concentration of metabolite X in the homogenate from the 
whole larvae ([X]WL), according to: 
[𝑋]!" =    𝐼!𝐼! 𝑉!𝑉!" [𝑆]! 
where [S]0 is the concentration of the standard transferred to the larval 
samples and IX/IS is the ratio of the concentration of metabolite X and the 
13C-formate standard obtained by fitting of the corresponding NMR 
resonance peak intensities in Chenomx NMR Profiler. 
Volumes recovered after whole adult homogenisation (VWA), are 
determined using the same formula for the determination of volume of 
hemolymph recovered, replacing Vh with VWA. Taking the ratio of VS to 
VWA, allows for determination of the absolute concentration of metabolite 
X in the homogenate from the whole adult ([X]WA), according to: 
[𝑋]!" =    𝐼!𝐼! 𝑉!𝑉!" [𝑆]! 
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Chapter 3. Optimisation and adaption of VDTS 
metabolomics 
The original VDTS technique was developed by Dr Timothy J. Ragan and Dr 
Andrew P. Bailey, to determine absolute metabolite concentrations in the liquid 
hemolymph of post-CW Drosophila larvae (Ragan et al., 2013). In this chapter, I 
describe the optimisation of the VDTS technique for hemolymph extraction from 
pre-CW larvae, which are much smaller than their post CW counterparts. I also 
show how VDTS can be adapted to measure metabolite concentrations from solid 
tissue samples of whole larvae and adult flies. 
3.1 Optimisation of the second standard for hemolymph VDTS 
A typical 1D 1H NMR spectrum is recorded from a 160-200 µL sample within a 3 
mm NMR tube, the volume of hemolymph released from a late L3 fed female (~ 90 
hr, 1.7 mg) larvae is ~700 nL (Ragan et al., 2013). Therefore hemolymph samples 
require dilution to evaluate the metabolite concentrations within the sample. 
However, without knowing the precise starting volume of the analyte solution, 
accurate back calculation of metabolite concentrations is not possible. As 
documented in Ragan et al., (2013), the volume of hemolymph released into a 
droplet can be determined by VDTS through the use of two NMR standards: DSS 
and 13C-formate (Figure 3-1). One important factor for robust VDTS is the extent to 
which the 13C-formate standard in the starting droplet is diluted by the hemolymph 
released from the ruptured larvae. If this dilution is too small to be accurately 
measured, as a difference in NMR peak heights, then VDTS will be compromised. 
It is therefore important to optimise both the concentration of 13C-formate and the 
droplet size when only ~200-300 nL of hemolymph may be released from each 
ruptured larva, of a set of typically 15-20 animals. Ragan et al., (2013), used a 13C-
formate concentration of 100 µM and a droplet volume of 20 µL. I found that 
increasing the 13C-formate concentration to 25 mM and decreasing the droplet 
volume to 10 µL gave a greater relative difference in the 13C-formate H-1 signal 
between the undiluted “blank” (control) and the diluted “opened” (experimental) 
mimic (Figure 3-2) (6 µL water represented released hemolymph from 10 late L3 
larvae). Therefore, hemolymph VDTS is improved by opening larvae in a 10 µL 
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drop of 25 mM 13C-formate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1: Outline of the Drosophila hemolymph extraction and measurement 
strategy. 
An accurately measured volume (VS) of saline containing 13C-formate at a known concentration 
([S]0) is transferred to a number of larvae (n), with a collective hemolymph volume, Vh that can 
be released into the 13C-formate droplet after larval cuticle rupture (a). An accurately measured 
volume (Vt) of the hemolymph/13C-formate droplet is then transferred to a microcentrifuge tube 
with a filter (b) to remove hemocytes via centrifugation (c). The cleared filtrate is then 
transferred to a known volume (VD) of chloroform/methanol/water (green) containing a fixed 
concentration, [D]0 of DSS (d). After further separation of polar and non-polar components via 
the Bligh-Dyer method (e), the upper aqueous phase of polar metabolites is aspirated to a 
second microcentrifuge tube (f). The solution is evaporated to dryness (g) and the residue 
suspended in D2O (h) prior to transfer to an NMR tube (i). Ic’S: H-1 signal of 13C-formate when 
no hemolymph is released into the 13C-formate droplet. I’S: H-1 signal of 13C-formate when 
hemolymph is released into the droplet. [X]h: Concentration of metabolite X in neat hemolymph. 
See Materials and Methods: 2.4.1 for details. 
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Figure 3-2: A smaller droplet volume and higher 13C-formate concentration yield 
a greater signal difference between undiluted and diluted samples. 
A) 700 MHz 1H NMR spectra of 20 µL 100 µM 13C formate droplets undiluted (red; n=3) or 
diluted with 6 µL of water (blue; n=3). B) 700 MHz 1H NMR spectra of 10 µL 25 mM 13C formate 
droplets undiluted (red; n=4) or diluted with 6 µL of water (blue; n=4). In both panels, the region 
of the spectrum between 8.56 and 8.60 ppm is expanded to show the upfield (leftmost) 13C-
formate H-1 signal.	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Another source of error in VDTS arises from the contribution of formate (98.9 % 
12C-formate and 1.1% natural abundance 13C-formate) endogenous from the larvae 
and exogenous from contaminated materials. If either of these formate sources are 
large enough, then there may arise a significant contribution to the 13C-formate 
signal in the NMR spectrum. In spectra where the opened larval sample has a 
higher 13C-formate H-1 signal than the “blank” sample, the volume of hemolymph 
released into the droplet cannot be reliably determined (Figure 3-3). 
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Figure 3-3: Formate contamination contributes to the 13C formate H-1 signal. 
A) 700 MHz 1H NMR spectra of the extracted hemolymph polar metabolome for batches of 
“blank” (1; n=3) and “opened” fed larvae (2; n=3). B) 700 MHz 1H NMR spectra of the “blank” 
(1’) and “opened” hemolymph metabolome for batches of fed larvae, “contaminated” with a 
large amount of formate from sources other than the VDTS starting droplet (2’). In both panels, 
the region between ~8.25 and 8.60 ppm is expanded. Within this region, the H-1 doublet 
resonance of 13C-formate in the “blank” (1a/1’a) and in the “opened” fed larvae (2a/2’a) can be 
visualised alongside the H-1 singlet resonance of 12C-formate in the “blank” (1b/1’b) and 
“opened” fed larvae (2b/2’b). 
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To sidestep formate “contamination”, I trialled two other potential standards: 3,5- 
DNBA and 4-Cl-DNBA. Candidates were sought that had simple NMR spectra, 
polarity and pKa similar to formate, and with 1H NMR signals that might be well 
resolved in typical metabolite profiling spectra (Weber et al., 2014). I observed 4-
Cl-DNBA has fewer signals than 3,5-DNBA in its NMR spectrum (Figure 3-4); 
therefore, there is a smaller chance of signal overlap between the peak of the 
standard and signals from extracted hemolymph metabolites. As a result, 4-Cl-
DNBA was tested as a potential replacement for 13C-formate, for use as a standard 
in hemolymph VDTS. 
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Figure 3-4: Comparison of recorded NMR spectra for 3,5-DNBA and 4-Cl-DNBA. 
The region between ~8.5 and 9.2 ppm is expanded in the 700 MHz 1H NMR spectra of 20 µL 
droplets of 4 mM 4-Cl-DNBA (red) and 3,5-DNBA (blue). The chemical structure for 4-Cl-DNBA 
and 3,5-DNBA is depicted in red and blue respectively. NMR peaks corresponding to protons in 
4-Cl-DNBA (*) and 3,5-DNBA (** and ***) are also depicted.  
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4-Cl-DNBA pilot experiments were performed by transferring one of two volumes of 
water (4 µL or 10 µL), representing released hemolymph, into a 20 µL droplet of 4 
mM 4-Cl-DNBA and recording the NMR spectrum. The signal intensity of 4-Cl-
DNBA decreased appropriately as the volume of water transferred to the droplet 
increased (Figure 3-5). Using 4-Cl-DNBA as the second standard and applying 
VDTS to determine the volumes of water diluted into the droplet, the principle of 
estimates returned were: 4.4 ± 0.7 µL and 9.9 ± 0.5 µL respectively (Appendix: 
Table 5). These values are close (98 %) to the dispensed volumes of water diluted 
into the droplet, indicating that 4-Cl-DNBA is potentially an acceptable alternative to 
13C-formate as a second standard for use in VDTS. The degree of imprecision in 
the measured versus the theoretical volumes of the water samples may well be 
within that associated with the Hamilton syringe pipetting imprecision. 
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Figure 3-5: 4-Cl-DNBA signal decreases with increasing droplet dilution. 
700 MHz 1H NMR spectra of 20 µL 4 mM 4-Cl-DNBA droplets diluted with either 0 µL (blue; 
n=3), 4 µL (red; n=3) or 10 µL (green; n=3) water. 
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If the 4-Cl-DNBA was to prove useful for real biological samples, then the 4-Cl-
DNBA signal should not be appreciably altered by interactions with components of 
the hemolymph. To test this, hemolymph was diluted into a droplet of 4-Cl-DNBA. 
An interaction between a component in the hemolymph and the standard could 
result in a shift in the signal position for 4-Cl-DNBA and/or a peak shape change. 
The hemolymph VDTS method developed by Ragan et al. (2013) was performed, 
exchanging 20 µL of 100 µM 13C-formate for 10 µL of 4 mM 4-Cl-DNBA.  For the 
“opened” sample the cuticles of 10 late L3 fed female larvae were ruptured in the 4-
Cl-DNBA droplet. It was observed that the intensity of the 4-Cl-DNBA is decreased 
in the “opened” (extracted hemolymph) spectra, relative to the “blank” spectra, and 
the shape and position of the 4-Cl-DNBA signal had barely been altered (Figure 
3-6). Hence, 4-Cl-DNBA did not undergo any significant chemical change upon 
contact with hemolymph. Furthermore, the position of the 4-Cl-DNBA signal was 
also not crowded by the signals of other hemolymph components, so its 
quantification was not compromised. VDTS optimised to use 4-Cl-DNBA as a 
standard was utilised for estimation of two separate fed female larval hemolymph 
volumes. The volumes yielded were 652 and 889 nL respectively. These values are 
broadly consistent with the average value reported in Ragan et al., (2013) for the 
hemolymph of fed female larvae at the same developmental stage (692 ± 72 nL). A 
substantial advantage of 4-Cl-DNBA over 13C-formate is that it is not an 
endogenous component of Drosophila hemolymph or present as a labware 
contaminant. Therefore all of the 4-Cl-DNBA signal observed in the spectra must 
derive from the second standard. Taken together, 4-Cl-DNBA is not present in and 
does not interact with Drosophila hemolymph and can be used as a standard to 
measure accurately the volumes of sub-microlitre samples of hemolymph. 
Therefore, 4-Cl-DNBA was chosen to replace 13C-formate as the second standard 
in hemolymph VDTS. 
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Figure 3-6: The hemolymph chemical environment does not shift the NMR signal 
of 4-Cl-DNBA.  
A) 700 MHz 1H NMR spectra of the extracted hemolymph polar metabolome for batches of 
“blank” (red; n=3) and “opened” fed female larvae (blue; n=2). B) The region between 8.40 and 
8.65 ppm has been expanded vertically to visualise the 1H resonance of 4-Cl-DNBA (*) and H-1 
12C-formate (**) for “opened” (blue) and “blank” controls (red). 
Chapter 3 Results 
 
70 
 
3.2 VDTS adaptation to solid tissue samples 
Adapting the VDTS technique from extracting metabolites from liquid hemolymph 
samples, to extracting metabolites from solid whole larval samples involved 
determination of a method to homogenise the whole larvae (composed of solid 
tissue and liquid hemolymph). Three homogenisation methods were trialled: 
sonication, ball bearings and a motorised pellet pestle (Figure 3-7).  
 
Homogenisation using an ultrasonic water bath resulted in incomplete 
homogenisation of larvae. After a 30 sec sonication, some larvae burst and 
released hemolymph/tissue but others were still intact and moving (Figure 3-7 A).  
More consistent homogenisation of larvae between samples can be achieved using 
ball bearing beating. However, there is a trade off between thorough 
homogenisation and accessibility to the homogenate. If the microcentrifuge tube 
used has a smaller base diameter than the ball bearing (as is the case in Figure 
3-7 B), the ball bearing can be removed after homogenisation without disturbing the 
homogenate but large parts of intact whole tissue can remain. If the microcentrifuge 
tube used has a base diameter equal to or larger to the ball bearing, 
homogenisation is consistent between the samples but access to the homogenate 
is compromised by the ball bearing itself. Fortunately, however, homogenisation 
achieved through use of a motorised pellet pestle with a microcentrifuge tube as a 
mortar resulted in thorough, consistent homogenisation of whole larvae between 
samples and homogenate accessibly was retained (see Figure 3-7 C).   
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Figure 3-7: Three different methods of larval homogenisation. 
Whole larval homogenisation for 30 sec with an ultrasonic water bath (A), ball bearing beating 
(B) or use of a motorised pellet pestle (C). 
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In whole larval VDTS, the volume released upon larval homogenisation is 
determined by comparing the concentration of second standard (determined via 
Chenomx) in homogenised (“opened”) versus intact (“blank”) larval samples. 
Although 4-Cl-DNBA was used as the second standard in hemolymph VDTS, a 
metabolite present in whole larvae (but absent in hemolymph) has a partially 
overlapping NMR peak adjacent to the NMR peak for 4-Cl-DNBA (Figure 3-8). This 
unidentified metabolite hinders precise quantification of the 4-Cl-DNBA NMR signal 
and therefore hinders determination of the absolute concentration of metabolites in 
whole larval samples. Hence, for whole larval VDTS, I reverted to 13C-formate as 
the second standard as its NMR peak does not overlap with those of any 
endogenous larval metabolites. The complete strategy for whole larval metabolite 
extraction and VDTS is depicted in Figure 3-9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8: A whole larval metabolite compromises quantification of 4-Cl-DNBA. 
The region from 8.60 to 8.58 ppm is shown from the 700 MHz 1H NMR spectrum of the 
extracted whole larval polar metabolome (black). Reference spectra for 4-Cl-DNBA (red) and 
the whole larval metabolite (blue) have been fitted to the extracted metabolome spectrum. The 
sum of the fitted 4-Cl-DNBA and whole larval metabolite reference spectra is also depicted 
(green).  
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Figure 3-9: Outline of whole larval metabolite extraction and VDTS. 
An accurately measured volume (VS) of saline containing 13C-formate at a known concentration 
([S]0) is transferred to a number of larvae (n) in a microcentrifuge tube (a). Larvae are then 
either homogenised using a motorised pellet pestle and the microcentrifuge as the mortar (b’) or 
left intact (b) to make up the “opened” and “blank” sample respectively. An accurately measured 
volume (Vt) is then taken from the homogenised or intact larvae and added to a known volume 
(VD) of chloroform/methanol/water (green) containing a fixed concentration [D]0 of DSS (c). The 
remaining steps: d-h are the same as e-i in Figure 3-1. VWL: Volume released from 
homogenised larva. [X]WL: Concentration of metabolite X in the whole larval homogenate. Ic’S: H-
1 signal of 13C-formate when larvae are not homogenised into the 13C-formate droplet. I’S: H-1 
signal of 13C-formate when larvae are homogenised into the droplet.  
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The solid tissue VDTS method was further optimised for the extraction and 
measurement of metabolites from whole Drosophila adults rather than from larva. 
Again, the motorised pellet pestle method was used to homogenise whole adults 
that had been immobilised (for a maximum time of 2 minutes) via incubation on a 
plate chilled with ice. After centrifugation, the whole adult supernatant was treated 
in the same manner as the whole larval supernatant for the extraction of the polar 
metabolites (Figure 3-10). 
 
Optimisation of solid tissue VDTS allowed me to compare the polar metabolome 
from Drosophila adults raised under different dietary conditions. Work from our 
Melbourne collaborator, Louise Cheng (Peter MacCallum Institute), has shown that 
dietary deprivation of histidine inhibits the growth of tumours caused by the loss of 
Nerfin-1 or Notch hyperactivation, yet it has minimal effects on the growth of normal 
stem cells or other tumour types (Szuperák et al., manuscript in preparation). 
However, to interpret these findings it was necessary to confirm whether dietary 
histidine deprivation specifically depletes histidine from the adult body or whether 
the adult has sufficient internal histidine stores to compensate. I therefore 
compared the polar metabolomes of adults fed on diets differing in their histidine 
content. It was also necessary to ensure that metabolome differences reflected 
those in internal tissues and were not simply the result of food trapped in the adult 
gut lumen. I therefore developed a gut transit assay to determine the time taken for 
an adult to completely transit the contents of its gut and to replenish it with new 
food. Pharate adults were transferred into vials containing a holidic diet consisting 
of entirely purified compounds called chemically defined diet 22 (CDD22, Szuperák 
et al., manuscript in preparation) that contained bromophenol blue. Adults eclosing 
onto this food eat it and their (transparent) guts appear blue. If they are then 
transferred onto CDD22 free from bromophenol blue, the transit time taken for 
dissected guts to become free from blue colouration can be easily observed. Using 
this method, I estimated the adult gut transit time as 4.5 hours. I was then able to 
use this information to design a protocol to measure histidine concentration in 
whole flies in the absence of histidine "contamination" from the food in the gut 
(Figure 3-10).  
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Figure 3-10: Outline of whole adult metabolite extraction and VDTS strategy.   
A) Gut histidine depletion is achieved by transferring adults from a histidine diet to CDD22 free 
from histidine (-His) for 4.5 hours. B) Metabolite extraction from whole adults is achieved by 
sedating adults on a CO2 pad and then transferring them to a depression dish on ice (a). Adults 
are then washed with ethanol thrice (b) before transfer to tissue paper and blotting dry (c). An 
accurately measured volume (VS) of 4-Cl-DNBA at a known concentration ([S]0) is then 
transferred to the adults (d). Adults are then either homogenised via a motorised pellet pestle (f) 
or left intact (g) and an accurate volume of the homogenate or 4-Cl-DNBA solution (Vt) is 
transferred to a known volume (VD) of chloroform/methanol/water containing a fixed 
concentration ([D]0) of DSS (h). After further separation of polar and non-polar components via 
the Bligh-Dyer method (i), the upper aqueous phase of polar metabolites is aspirated to a 
microcentrifuge tube (j). The solution is evaporated to dryness (k) and the residue suspended in 
D2O (l) prior to transfer to an NMR tube (m). [X]WA: concentration of metabolite X in whole adult.  
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Concentrations of histidine, tyrosine and alanine were determined for adults fed 
either CDD22 (1 g/L histidine; 6.5 mM), CDD22–His (0 g/L histidine) or CDD22+His 
(2 g/L histidine; 12.9 mM) (Table 1). Whole body tyrosine and alanine 
concentrations do no vary drastically between diets or before and after gut 
depletion of Histidine, even though these two amino acids are present in CDD22 (5 
g/L tyrosine (2.8 mM) and 5 g/L alanine (5.6 mM)). For histidine, adults fed 
throughout on CDD22–His have no detectable whole body histidine whereas those 
fed on CDD22 have concentrations of 2.5 mM. Adults fed on CDD22+His have a 
whole body histidine concentration of 4.01 mM, ~1.6 times that seen in adults fed 
CDD22. However, after gut histidine depletion, adults fed originally on CDD22 or 
CDD22+His now have much lower and rather similar histidine concentrations (~1.8 
and ~1.4 mM respectively). Comparisons before and after gut histidine depletion 
indicate that food in the gut makes a substantial contribution towards total body 
histidine. These results also suggest that histidine remaining in the rest of the fly 
body is strongly lowered by CDD22–His (from 1.83 to 0 mM) but not elevated by 
CDD22+His. 
 
Metabolite/diet CDD22 CDD22-His CDD22+His 
Concentration (mM) 
pre-GD  post-GD  pre-GD  post-GD  pre-GD  post-GD  
Histidine 2.50 1.83 0 0 4.01 1.39 
Tyrosine 0.82 1.26 0.84 1.00 0.74 1.27 
Alanine 10.18 13.51 10.27 7.76 10.21 12.56 
 
Table 1: Histidine, tyrosine and alanine concentrations in whole adults, before 
and after histidine gut depletion (GD).  
Entries are average concentrations in mM from two sets of adults fed on either CDD22, CDD22 
depleted of histidine (CDD22-His) or CDD22 with twice the amount of histidine (CDD22+His). 
Pre-GD: whole body metabolite concentrations prior to gut-depletion with CDD22–His. Post-GD: 
whole body metabolite concentrations post-gut depletion with CDD22 – His. 
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3.3 Matched VDTS 
The VDTS method was further optimised by pairing “opened” (hemolymph 
released/larvae homogenised) and “blank” (cuticle/larvae intact) samples from the 
same animal; I refer to this method as matched VDTS (MVDTS). MVDTS ensures 
that any liquid present of the surface of larvae or any liquid excreted by them prior 
to cuticle rupturing/homogenisation, would cancel out from the VDTS calculation as 
it would contribute to diluting the second standard’s proton signal equally in both 
the “blank” and “opened” samples. This optimisation also “saves” on larvae, 
requiring only half the number of larvae required in non-matched VDTS 
experiments. The MVDTS approach can be applied to both whole larvae and 
hemolymph (Figure 3-11and Figure 3-12). 
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Figure 3-11: Outline of matched hemolymph VDTS. 
An accurately measured volume (VS) of saline containing the chosen standard (either 13C 
formate or 4-Cl-DNBA) at a known concentration ([S]0) is transferred to a number of larvae (n), 
with a collective hemolymph volume: Vh (a). An accurately measure volume of the droplet (Vt) is 
removed and transferred into water in a microcentifuge column (b) – this constitutes the “blank” 
sample. Larval cuticles are then ruptured to release hemolymph into the droplet (c) and an 
accurately measured volume (Vt) is removed from the droplet and transferred to water in a 
different microcentifuge column (d) and then cleared of hemocytes (e). The remaining steps: f-k 
are the same as d-i in Figure 3-1. Vh: Volume of released hemolymph. [X]h: Concentration of 
metabolite X in the hemolymph. Ic’S: 1H resonance of the standard when larvae do not have their 
cuticles ruptured. I’S: 1H resonance of the standard when larvae have their cuticles ruptured. 
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Figure 3-12: Outline of the matched whole larval VDTS. 
An accurately measured volume (VS) of saline containing 13C-formate at a known concentration 
([S]0) is transferred to a number of larvae (n) in a microcentrifuge tube (a). An accurately 
measured volume (Vt) is then removed from the larvae in the microcentrifuge tube for the 
“blank” sample (b). Larvae are then homogenized using a motorized pellet pestle and the 
microcentrifuge tube as a mortar (c) – this will be the “opened” sample. An accurately measured 
volume (Vt) is then removed from the homogenised larvae and transferred to a known volume 
(VD) of chloroform/methanol/water (green) containing a fixed concentration [D]0 of DSS (d). The 
remaining steps: e-i are the same as e-i in Figure 3-1. VWL: Volume of homogenised whole 
larva. [X]WL: Concentration of metabolite X in whole larval homogenate. Ic’S: H-1 signal of 13C-
formate when larvae are not homogenised into the 13C-formate droplet. I’S: H-1 signal of 13C-
formate when larvae are homogenised into the droplet.  
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To confirm if the matched optimisation significantly differed from the absolute 
concentration of hemolymph metabolites determined via the non-matched method, 
metabolite concentrations from the same sample of late L3 (continuously fed) male 
and female larvae were determined via the MVDTS and non-matched VDTS 
method and were compared (Table 2). 
 
Only a single metabolite: succinate was determined to be significantly different 
when its concentration was determined via non-matched VDTS and MVDTS. 
However, sarcosine, which is found to be significantly different between 
continuously fed males and females using non-matched VDTS was not significantly 
different between fed males and females via MVDTS. Instead, betaine was found 
to be significantly different between continuously fed males and females, when 
concentrations were determined via MVDTS. Taken together, it can be observed 
that metabolite concentrations determined via the non-matched VDTS or MVDTS 
method do not significantly differ. However, as the MVDTS method minimises the 
risk of liquid carried over/excreted by the larvae, this method would be used in the 
future. Unfortunately, I developed the MVDTS method late into my PhD and thus 
was not able to apply it when calculating the hemolymph and whole larval 
metabolite concentrations reported in the following chapters. 
 
 
 
 
Table 2: Comparison of absolute hemolymph metabolite concentrations 
determined via non-matched VDTS and MVDTS for continuously fed larvae. 
Entries show mean concentration ± 1 standard deviation for two independent experiments, each 
with three biological replicates. Bold figures indicate statistically significant (p < 0.01) 
differences between:  
Continuously fed males and females when metabolite concentrations were determined via 
VDTS and MVDTSa . 
VDTS determined metabolite concentrations for continuously fed males and femalesb. 
MVDTS determined metabolite concentrations for continuously fed males and femalesc. 
Statistical significance is determined according to Tukey’s HSD test in a 2-way ANOVA. 
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3.4 Discussion 
I have significantly adapted and optimised VDTS from the original larval 
hemolymph method developed by Ragan et al., (2013). The first optimisation was 
to increase the 13C-formate concentration in the droplet and to decrease the 
volume of the droplet into which hemolymph was released. This increased the 
difference in the 13C-formate H-1 signal between the “opened” and “blank” samples, 
allowing a more precise measurement of the hemolymph volume released. The 
droplet volume optimisation in particular was crucial later in this thesis for accurate 
and precise determination of the tiny hemolymph volumes (~200 µL) released from 
smaller larvae (pre-CW) than those originally used by Ragan et al. (post-CW). The 
second optimisation was to exchange the second standard for hemolymph VDTS 
from 13C-formate to 4-Cl-DNBA. Use of 4-Cl-DNBA allowed me to sidestep formate 
contaminations, which can compromise the calculation of hemolymph volume. 
Formate contamination was found on a number of occasions and traced back to 
multiple sources - including a batch of Pasteur pipettes and some bottles of distilled 
water. When used as a standard in hemolymph VDTS, 4-Cl-DNBA could return 
released hemolymph volumes for late L3 fed female larvae similar to those 
reported using formate in  Ragan et al., (2013).  
 
The VDTS method was further adapted to extract and determine absolute 
metabolite concentrations from solid adult tissue rather than from hemolymph. 13C-
formate was again used as a standard for this VDTS method due to the presence 
of a metabolite with a large signal, absent in hemolymph that crowded the NMR 
peak for 4-Cl-DNBA. The new whole adult VDTS method was then applied to a 
biological question involving histidine metabolism. By developing a gut depletion 
assay, I was able to estimate how much of the whole body histidine was contained 
in the gut lumen, which contains undigested, unabsorbed dietary medium. Together 
the whole body VDTS method coupled with the gut depletion assay revealed that 
histidine levels are not homeostatically maintained if adults eclose onto a medium 
devoid of histidine - even if, as larvae they are fed on a standard (histidine 
containing) medium. In contrast, if adults eclose onto a medium with a standard 
(CDD22) or double concentration of dietary histidine (CDD22+His) they retain 
similar whole body histidine concentrations in all tissues but not the gut. This 
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suggests that augmenting the histidine in the standard CDD22 diet does not 
significantly alter the overall size of the total body store of histidine. 
 
The final optimisation made to the VDTS method was MVDTS: the use of the same 
larvae to generate the “blank” and “opened” samples. Use of this new method is 
likely to improve the precision of determined hemolymph volumes, as illustrated by 
the findings of Ragan et al., (2013), where it was reported that several hemolymph 
metabolites were significantly lower in female than in male larvae. It was 
hypothesised, that these metabolites may be depleted from the hemolymph more in 
females than in males. This would then fuel the additional growth of females, which 
grow at a faster rate and are ~1.3 times larger than males. However, a post-doc in 
the lab, Annick Sawala, and I have repeated the male versus female hemolymph 
experiments and have found statistically significant (p < 0.01) no sexually dimorphic 
difference in the hemolymph metabolite concentrations (Table 2). Examining the 
raw data from Ragan et al., (2013), it can be seen that, on average, “opened” fed 
male and female spectra share almost identical 13C-formate H-1 signal intensities 
(n=3 for each), whereas the spectra from “blank” fed males have a lower 13C-
formate H-1 signal than “blank” fed females. Theoretically, however, there should 
be no significant difference between “blank” male and female samples as no 
hemolymph has been released into the droplet. A possible reason for the lower 13C-
formate H-1 signal intensities in “blank” fed male samples could be carry over of 
PBS on the surface of the larvae due to incomplete drying after a PBS wash or due 
to increased excretion of liquid by fed male larvae in the droplet, in comparison to 
fed female larvae. The MVDTS method should theoretically eliminate the possibly 
of PBS/excrement disproportionately effecting either the “blank” or the “opened” 
samples as the same larvae are used for both. Any PBS/excrement would dilute 
the 13C-formate concentration in the “blank” and “opened” sample. 
 
In summary, I have adapted and improved the original VDTS method so that it can 
be used to measure absolute metabolite concentrations in tiny liquid or solid 
samples that derive from larvae or from adult Drosophila. 
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Chapter 4. Identifying metabolites that change 
during development and starvation 
The preceding chapter described the optimisation of the VDTS approach and its 
application to whole body and hemolymph larval samples. The aim of this chapter 
is to apply these optimised methods to identify polar metabolites that change 
concentration substantially and significantly during larval development, and in 
response to NR. A focus was placed on CW, as this developmental checkpoint is 
known to dramatically affect the larval response to starvation. Before CW, NR 
arrests larval development but after CW, NR is compatible with developmental 
progression to pupariation. To determine metabolic changes at CW and how they 
are modulated in response to NR, a five-way comparison of 1D 1H NMR spectra 
was used for both male and female larvae (Figure 4-1); thus there were ten 
conditions in total. This allows for the identification of polar metabolites that change 
in concentration at different stages of development either side of CW in fed larvae. 
It also permits the identification of metabolites that change in concentration during 
starvation and compares this starvation response before and after CW is attained.  
 
For the w1118 iso 31 strain used as an inbred isogenised control strain in the Gould 
lab, CW is attained at approximately 57 hr at a weight of ~0.8 mg (on 2x medium). 
This isogenic strain pupariates at ~96 hr when reared on a standard diet but 
pupariates at ~89-90 hr if moved from fully fed conditions to a NR medium post-
CW. 
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Figure 4-1: Experimental design for the metabolomic analysis of larvae. 
Time line of larval development from 0-96 hr; the three larval instars (L1, L2 and L3) are 
depicted schematically and, below, the five feeding/fasting (fed/NR) regimes used in this 
experiment. Larvae fed continuously attain CW at ~57 hr. 
Pre-CW fed: larvae are fed for 51 hr and then analysed; 
Post-CW fed: larvae are fed for 60 hr and then analysed; 
Pre-CW NR: larvae are fed for 51 hr and then transferred to NR medium for a further 24 hr 
before analysis; 
Post-CW NR: larvae are fed for 60 hr and then transferred to NR medium for a further 24 hr 
before analysis; 
Continuously fed: larvae are fed for 84 hr and then analysed. 
 
 
4.1 Hemolymph and whole larval metabolite analysis 
The application of PCA effectively allows one to assess whether data contains any 
high level structure (see Introduction: 1.3.3), and in the context of its application 
here, whether the NMR spectra corresponding to different sample conditions 
display distinguishing features reflecting differences in respective metabolomes. In 
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this application, PCA of larval hemolymph and whole larval polar metabolite NMR 
spectra was conducted for two independent experiments, with at least three 
biological replicates for each condition (hemolymph scores: Figure 4-2, hemolymph 
loadings: Figure 4-3, whole larval scores: Figure 4-4 and whole larval loadings: 
Figure 4-5). PC1, in the scores of both hemolymph repeats and the first whole 
larval repeat (Figure 4-2), and PC2 in the second whole larval repeat (Figure 4-4 A), 
separates pre- and post-CW samples (PC1 in the second whole larval repeat 
separates fed and NR samples). In the corresponding loadings, large signals for: 
O-phosphotyrosine (OPT), trehalose, O-phosphocholine and glycine are apparent 
in the hemolymph loadings (Figure 4-3), whilst: histidine, tyrosine, trehalose and 
threonine are apparent in the whole larval loadings (Figure 4-5), suggesting these 
metabolites may be sustainably different between pre- and post-CW samples.  
 
As mentioned in the previous chapter, differing from Ragan et al., (2013), in my 
hands (and supported by independent experiments conducted by another post-doc 
in the lab, Annick Sawala) the application of VDTS failed to reveal sexual 
dimorphism in the polar “NMR metabolomes” for a given set of conditions. In 
addition, I observed that for either of the whole body or hemolymph experiments 
that the NMR spectra for fed larvae tend to cluster together whereas the spectra for 
NR larvae could be separated depending if larvae had attained CW or not (the pre- 
versus post-CW “status”). In other words PCA plot patterns suggested that the 
response of the polar metabolome to NR appears to be different either side of CW. 
Furthermore, the two-hemolymph experiments showed that post-CW NR and 
continuously fed NMR spectra clustered together. This clustering indicates that 
homeostasis of polar metabolites in the hemolymph is better buffered during NR 
once that CW has been attained. Taken together, the PCA of the hemolymph and 
the whole larval NMR data suggest that the attainment of CW correlates with a 
considerably altered larval response to NR but has less of an effect upon the fed 
polar metabolome. 
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Figure 4-2: PCA scores plots for hemolymph polar metabolome NMR spectra. 
PCA scores plots for the NMR spectra from the first (A) and second (B) independent 
experiments conducted to analyse the polar metabolites in larval hemolymph samples. 
Diamonds and circles represent data for male and female larvae respectively. Each symbol 
represents a single “opened” hemolymph NMR spectrum. Red symbols: pre-CW fed samples. 
Dark red: pre-CW NR samples. Blue symbols: post-CW fed samples. Dark blue symbols: post-
CW NR samples. Green: continuously fed samples. Each condition was collected in, at least, 
triplicate.  
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Figure 4-3: PCA loadings plots for hemolymph polar metabolome NMR spectra. 
PCA loadings plots for the NMR spectra from the first (A) and second (B) independent 
experiments conducted to analyse the polar metabolites in larval hemolymph samples.  Each 
condition was collected in, at least, triplicate. Numbered loadings correspond to resonances in 
the recorded NMR spectra that, in turn, correspond to the resonances for:  O-phosphotyrosine 
(1); histidine (2); tyrosine (3); trehaolse (4); glycine (5); O-phosphocholine (6); lysine (7); alanine 
(8); threonine (9).  
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Figure 4-4: PCA scores plots for whole larval polar metabolome NMR spectra. 
PCA scores plots for the NMR spectra from the first (A) and second (B) independent 
experiments conducted to analyse the polar metabolites in whole larvae. Diamonds and circles 
represent male and female samples respectively. Each symbol represents a single “opened” 
whole larval NMR spectrum. Red symbols: pre-CW fed samples. Dark red: pre-CW NR 
samples. Blue symbols: post-CW fed samples. Dark blue symbols: post-CW NR samples. 
Green: continuously fed samples. Each condition was collected in triplicate, with the exception, 
for B only, of continuously fed and pre-CW NR females, which were collected in duplicate. 
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Figure 4-5: PCA loadings plots for whole larval polar metabolome NMR spectra. 
PCA loadings plots for the NMR spectra from the first (A) and second (B) independent 
experiments conducted to analyse the polar metabolites in whole larval samples. Each condition 
was collected in, at least, triplicate. Numbered loadings correspond to resonances in the 
recorded NMR spectra that, in turn, correspond to the resonances for: histidine (1); tyrosine (2); 
maltose (3); glucose (4); trehalose (5); proline (6); O-phosphoethanomine (7); glutamine (8); 
threonine (9); O-phosphotyrosine (10); succinate (11); glucose (12); acetate (13); alanine (14) 
and valine (15).  
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VDTS was used to determine the volume of hemolymph recovered following cuticle 
rupture (Appendix: Table 6). With the exception of NR larvae, recovered 
hemolymph volumes roughly track the larval body mass; a greater amount of 
hemolymph was recovered from continuously fed larvae (males: ~1.5 mg, 364 ± 88 
nL, females: ~1.8 mg, 698 ± 100 nL) in comparison to post-CW fed larvae (males: 
~1.1 mg, 292 ± 11 nL, females: ~1.4 mg, 506 ± 83 nL), which in turn yield larger 
recovered volumes in comparison to pre-CW fed larvae (males: ~0.6 mg, 182 ± 49 
nL, females: ~0.7 mg, 312 ± 81 nL). On the basis of the measured volumes, an 
increase in mass of 1 mg is roughly proportional to a ~300-400 nL increase in 
hemolymph. Alongside similar determined metabolite concentrations for 
continuously fed larvae, the released hemolymph volumes determined here for 
male and female continuously fed larvae are also consistent with those reported by 
Ragan et al., (2013) (fed males: 406 ± 34 nL and fed females: 692 ± 75 nL). 
However, released hemolymph volumes for post-CW NR larvae reported here, are 
larger, by ~1.6-2.0 fold (post-CW NR males: ~0.8 mg, 456 ± 151 nL; females: ~1.0 
mg, 368 ± 1 nL), than those reported previously (NR males: 234 ± 57 nL and NR 
females: 227 ± 64 nL). Interestingly, even though pre-CW NR larvae are ~1.5 fold 
smaller than post-CW NR larvae, the volume of hemolymph recovered from pre-
CW NR larvae is larger than from post-CW NR larvae. Therefore, in my hands, it 
appears that NR may ease the “escape” of hemolymph from larvae, thus observed 
as greater recovered hemolymph volumes, in comparison to their fed counterparts. 
 
Absolute metabolite concentrations were determined from the pre- and post-CW 
samples for hemolymph and whole larvae NMR spectra by fitting metabolite 
reference spectra as described above (see Materials and Methods: 2.6). The 
reference spectra database provided by Chenomx NMR Suite was supplemented 
with a 1D 1H NMR reference spectrum created by Dr T.J Ragan for OPT because a 
reference spectrum for OPT is absent from all metabolite databases examined to 
date. OPT is, however, a major component of the hemolymph (Table 3) and its 
presence has been previously observed in Drosophila although its function is not 
yet clear (Mitchell and Lunan, 1964). As indicated by the PCA loadings for the 
hemolymph samples, OPT, trehalose, O-phosphocholine and glycine were all 
significantly different between pre- and post-CW NR samples. 
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Table 3: Hemolymph metabolite concentrations. 
Entries show mean concentration ± 1 standard deviation for two independent experiments, each 
with three biological replicates. Bold figures indicate statistically significant (p < 0.01) 
differences between: 
pre-CW NR males and post-CW NR malesa  
pre-CW NR females and post-CW NR femalesb 
male and female continuously fed larvaec. 
 
Statistical significance is determined according to Tukey’s HSD test in a 2-way ANOVA. 
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For the hemolymph NMR spectra, a total of 25 polar metabolites were 
unambiguously identified and the absolute concentrations of these were 
determined according to the VDTS procedure (Table 3). As mentioned in the 
preceding chapter, and consistent with the unsupervised PCA, the concentrations 
of the majority of identified metabolites were not significantly different between 
continuously fed males and females (Table 3). However, consistent with their larger 
body mass, greater hemolymph volumes were extracted from females than males, 
indicating that the total amount of each metabolite is likely to be greater in female 
hemolymph than for males (Appendix: Table 6). Only sarcosine was at a significant 
higher (~2.2 fold, p < 0.0003) concentration in the hemolymph of continuously fed 
males compared to females.  Moreover, none of the 25 metabolites were 
significantly different (p < 0.01) between the pre- and post-CW fed hemolymph 
metabolomes. In contrast, 15 of the 25 metabolites displayed significantly (p < 
0.01) different concentrations between pre- and post-CW NR hemolymph 
metabolomes in both males and females (Figure 4-6). Sarcosine (~3 fold), glycine 
(~2 fold), betaine (~5 fold) and O-phosphoethanolamine (OPE, ~4 fold) were all at 
a significantly higher concentration in pre-CW NR larvae. On the other hand, 
phenylalanine (from undetectable to 0.2 mM), valine (~3 fold), proline (~3 fold), 
isoleucine (~4 fold), leucine (~3 fold), succinate (~2 fold), alanine (~2 fold), O-
phosphocholine (OPC, ~2 fold), trehalose (~8 fold), tyrosine (~7 fold) and OPT (~6 
fold) were all present at a significantly higher concentration in post-CW NR larvae. 
Therefore, again consistent with the PCA outcome, the results of the metabolite-by-
metabolite VDTS analysis shows that the attainment of CW correlates with 
significant alterations in the absolute concentrations of many larval hemolymph 
metabolites during NR but not fed conditions. 
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Figure 4-6: Hemolymph metabolite concentrations in pre- and post-CW NR larvae.  
Comparison of absolute hemolymph metabolite concentrations, determined via VDTS, for the 
15 metabolites that were statistically significantly different in concentration between pre-CW NR 
and post-CW NR larval NMR samples. A) Metabolites that were significantly higher in pre-CW 
NR larvae in comparison to post-CW NR larvae. B) Metabolites that were significantly higher in 
post-CW NR larvae in comparison to pre-CW NR larvae. Each condition was composed of six 
replicates (three each from two independent experiments). Statistical significance was 
determined according to Tukey’s HSD test in a 2-way ANOVA with an alpha-value of 1%. Gly: 
glycine; Phe: phenylalanine; Val: valine; Pro: proline; Ile: isoleucine; Leu: leucine; and Tyr: 
tyrosine. **: p-value < 0.01; ***: p-value < 0.001; and ****: p-value: < 0.0001.  
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VDTS was used to determine the liquid volume recovered after whole larval 
homogenisation (Appendix: Table 7). Consistent with recovered hemolymph values, 
recovered larval tissue volumes after homogenisation track larval body mass. It 
appears a 1 mg increase in mass, equates to a ~0.5 µL increase in homogenate 
volume recovered. 
 
For the whole larval NMR spectra, 26 metabolites could be unambiguously 
identified (Table 4). In addition to the 25 metabolites identified in hemolymph 
spectra, the resonances for glutamate were now clearly observable in whole larval 
NMR spectra. In contrast to the situation for hemolymph, following VDTS analysis, 
some sex-specific differences in whole larval metabolite concentrations were 
observed. Whereas, none of the 25 metabolites were significantly different (p < 
0.01) between males and females in the pre- and post-CW hemolymph 
metabolomes (fed or NR), 8 metabolites were found to have significantly (p < 0.01) 
different concentrations between males and females for the whole larva spectra. 
Hence, glutamate (~1.7 fold, p < 0.003), glutamine (~1.6 fold, p < 0.01), histidine 
(~1.4 fold, p < 0.01), leucine  (~1.7 fold, p < 0.01), valine (~1.5 fold, p < 0.01) and 
β-alanine (~1.7 fold, p < 0.002) were significantly higher in post-CW NR females 
than males. Furthermore, betaine (~1.6 fold, p < 0.003) and sarcosine (~1.7 fold, p 
< 0.002) are significantly higher in pre-CW fed males than females. 
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Table 4: Whole larval metabolite concentrations. 
Entries show mean concentration ± 1 standard deviation for two independent experiments, each 
with three biological replicates. Bold figures indicate statistically significant (p < 0.01) 
differences between: 
pre-CW fed males and post-CW fed malesa  
pre-CW fed females and post-CW fed femalesb 
pre-CW NR males and post-CW NR malesc 
pre-CW NR females and post-CW NR femalesd. 
male and female continuously fed larvaee. 
 
Statistical significance is determined according to Tukey’s HSD test in a 2-way ANOVA. 
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Overall, these findings demonstrate that although body tissue metabolite 
concentrations may vary dependent on sex, hemolymph metabolite levels are 
tightly regulated to nullify major differences between the sexes. Interestingly, 
although such a sexually dimorphic difference is observed in post-CW NR whole 
larval metabolites, in continuously fed larvae, only sarcosine (~2 fold, p < 0.0003) 
was observed to be significantly different between males and females. The 
absence of a sexually dimorphic difference in whole larvae concentrations in fed 
compared to NR larvae is worthy of further investigation but, at present, I cannot 
rule out that NMR signals originating from food in the gut of fed and not NR larvae, 
masks sex-specific differences. In others words, as food is not present in the gut of 
NR larvae, the NMR spectra may more faithfully reflect the body tissue 
metabolome than in the case of fed animals. 
 
Comparing fed larvae pre- and post-CW, the absolute concentrations of only three 
of the 26 identified metabolites were significantly (p < 0.01) different in both males 
and females: dimethylamine (p < 0.008), sarcosine (p < 0.0005) and OPT (p < 
0.0006). OPT was ~2.2 fold higher in post-CW fed larvae whereas dimethylamine 
and sarcosine were both significantly lower by ~1.8 and ~1.9 fold respectively in 
post-CW fed larvae. In contrast, a much larger number of the identified metabolites 
(13 of 26) were significantly different (p < 0.01) between pre- and post-CW in NR 
than fed larvae (Figure 4-7). Histidine (~2.1 fold), glycine (~2.3 fold), OPE (~2.9 
fold) and betaine (~3 fold) were all significantly lower in NR larvae after CW. Whilst, 
OPT (~2.3 fold), fumarate (~3 fold), malate (~3.3. fold), β-alanine (~3.3. fold), 
methionine (~3.4 fold), proline (~4 fold) phenylalanine (~4 fold), trehalose (~15.3 
fold) and tyrosine (~16.5 fold), are all significantly higher in NR larvae after CW. 
Therefore, the attainment of CW has a more dramatic effect on whole larval 
metabolite concentrations during NR than during fed conditions. This conclusion 
about the whole larval metabolites concentrations is broadly similar to that arrived 
at for hemolymph concentrations, although there are clear differences in which 
metabolites are most affected in the two larval compartments, if the assumption is 
made that the whole larval concentrations generally represent the body tissue over 
the hemolymph. 
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Figure 4-7: Whole larval metabolite concentrations in pre- and post-CW NR 
larvae.  
Comparison of absolute whole larval metabolite concentrations determined via VDTS that were 
statistically significantly different between pre-CW NR and post-CW NR larvae. A) Metabolites 
that were significantly higher in pre-CW NR larvae in comparison to post-CW NR larvae. B) 
Metabolites that were significantly higher in post-CW NR larvae in comparison to pre-CW NR 
larvae. Each condition was assessed using six replicates (three each from two independent 
experiments). Statistical significance was determined according to Tukey’s HSD test in a 2-way 
ANOVA. His: histidine; Gly: glycine; Met: methionine; Pro: proline; Phe: phenyalanine; and Tyr: 
tyrosine. *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001; and ****: p-value: < 0.0001.  
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Comparing NR larvae pre- and post-CW, proline and trehalose are at a higher 
concentrations in the hemolymph and the whole larva after the attainment of CW. 
Interestingly, this pattern is also the case for three metabolites that lie in metabolic 
pathways connecting to tyrosine, namely: phenylalanine, OPT and tyrosine. To 
visualise the trajectories of the concentration of these three metabolites in the 
hemolymph and also in the whole larva during development and starvation, the fold 
increase in their absolute concentration was plotted relative to their concentration 
measured at the pre-CW time point (i.e. 51 hr) (Figure 4-8). It can be observed 
during normal development that whole larval phenylalanine and tyrosine levels 
remained stable until CW is reached and then increased ~3 fold and ~7 fold 
respectively, whilst OPT levels slightly rose slightly in the run-up-to CW and then 
fall (~ 5 fold, relative to the post-CW fed time-point) as larvae approach pupariation 
(Figure 4-8 A, i and iv). Within the hemolymph, tyrosine and phenylalanine follow a 
similar trajectory to that observed in the whole larva. In contrast to its behaviour in 
the whole larva, the OPT level rose dramatically (~5 fold) in the hemolymph after 
the post-CW time point (i.e. 60 hr) (Figure 4-8 B, i and iv). When starvation was 
administered before the attainment of CW, the whole larval and hemolymph levels 
of all three of these metabolites decreased (Figure 4-8 A, ii and v and Figure 4-8 B, 
ii and v respectively); this is especially so for hemolymph phenylalanine levels, 
which drop to below the detection limit. However, when starvation was 
administered after CW, the trajectories of tyrosine and OPT in the whole larva and 
in the hemolymph, were found to resemble the situation in normal development 
Figure 4-8 A iii and vi, and Figure 4-8 B iii and vi). Taken together, the fold changes 
in OPT concentration post-CW, during NR or further feeding, follow opposing 
directions in the whole larva and in the hemolymph. Where OPT levels fall 
moderately after CW in the whole larva but rise strongly in the hemolymph. In other 
words, OPT can rise in the hemolymph of (post-CW) NR larvae even in the 
absence of exogenous dietary sources of tyrosine or its metabolites. The fall in 
OPT levels in the whole larva could indicate release of OPT from non-liquid tissue 
stores once CW is attained, subsequently resulting in a concomitant rise in 
hemolymph OPT. 
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Figure 4-8: Fold changes in phenylalanine, tyrosine and OPT concentration.   
Fold increase in the absolute metabolite concentrations in the whole larva (A) or hemolymph (B) 
for phenylalanine, OPT and tyrosine during normal development (i and iv), and during NR 
administered pre-CW (ii and v) or post-CW (iii and vi) for male (i, ii and iii) and in female (iv, v 
and vi) larvae. OPT: O-phosphotyrosine; Tyr: tyrosine; and Phe: phenylalanine.  
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4.2 Discussion 
In this chapter, the refined VDTS technique (See Chapter 3) was adopted to 
determine absolute hemolymph and whole larval polar metabolite concentrations 
from male and female larvae subjected to five different fed/NR regimes (Figure 4-1). 
PCA was applied to unassigned NMR spectra collected under the different 
conditions, to assess the global structure of the data. The PCA scores plots 
indicated that CW attainment altered the NR but not the fed larval hemolymph and 
whole larval metabolomes. PCA findings were followed up by determination of the 
absolute concentrations of 26 unambiguously identified polar metabolites using the 
full VDTS analysis. Significant differences between metabolite concentrations were 
determined using Tukey’s HSD test: a post-hoc analysis used in conjunction with a 
2-way ANOVA (2-way as the two variables under consideration were gender and 
dietary regime – diet also encompassed developmental age, as pre-CW fed and 
post-CW fed were considered for this analysis as two different “diets”). Ragan et al., 
(2013) also used Tukey’s HSD test to determine significant differences in 
metabolite concentrations between conditions. Therefore, a direct comparison 
could be made between the results reported here and those in Ragan et al.. 
However, unlike in Ragan et al., (2013), in this work an alpha value of 1% (instead 
of 5%) was selected as a more robust protection against false positive indications 
in the context of the multiple comparisons of the different metabolites. The 
likelihood of false positive discovery would be reduced from 1 in 20 to 1 in 100. 
 
For both the hemolymph and the whole larval samples, very few metabolite 
concentrations were significantly different (p < 0.01) pre- and post-CW in fed 
animals whereas almost half of them differed for samples obtained under the NR 
dietary regime. Hence the attainment of CW appears to dramatically change the 
larval response to the onset of NR. As post-CW NR larvae go on to pupariate under 
NR, whereas pre-CW NR larvae arrest, metabolites that display a significantly 
higher concentration in NR larvae after, but not before, CW could potentially be 
required in order to permit developmental progression to pupariation. Alternatively, 
these elevated metabolite concentrations may simply be a consequence of 
progression to pupariation (i.e. products along pathways permitting pupariation 
rather than direct actors). Three tyrosine metabolites (phenylalanine, tyrosine and 
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OPT) were found to have significantly variant concentrations (p < 0.01) either side 
of CW, in both the hemolymph and in the whole larva. OPT and tyrosine levels rise 
in the hemolymph as normal development proceeds and this also happens during 
post-CW NR, indicating that internal resources, not the diet, must fuel this increase. 
One possibility is that OPT is stored in tissue and then released into the 
hemolymph, a scenario that is consistent with the observation that the OPT 
concentration decreases somewhat in whole larval homogenates as it increases 
strongly in the hemolymph. Once released from the tissues, OPT could conceivably 
be converted to tyrosine, by hydrolysis or phosphatase action, resulting in the 
concomitant rise of tyrosine in the hemolymph. Interestingly, I observe that when 
OPT is not “released from tissue storage”, such as during pre-CW NR, the 
phenylalanine level is observed to fall. Therefore, it could be suggested when 
tyrosine is not sufficiently generated from OPT, phenylalanine may act as a 
tyrosine reserve. These changing levels of tyrosine-related metabolites during 
development truly demonstrate how the response to starvation is affected by the 
attainment of CW.  
 
In support of the hypothecated OPT released from tissue, hemolymph contains 
~7% (~15 nmole/larvae) of the number of moles of OPT in the whole larva (~218 
nmole/larvae) at the post-CW fed time-point and ~80% of the number of moles of 
OPT in the whole larva at the post-CW NR time point. Interestingly, the rise of OPT 
and a concomitant rise of inorganic phosphate during larval development was 
observed nearly 50 years ago, although it's functional significance has since 
remained elusive (Lunan and Mitchell, 1969; Mitchell and Lunan, 1964).  
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Chapter 5. A function for tyrosine in developmental 
timing 
I showed in chapter 4.1 that post-CW larvae that are progressing towards 
pupariation, display a decrease in whole-body OPT and a concomitant rise in 
whole-body and hemolymph tyrosine. This suggested a hypothesis for progression 
towards pupariation involving a release of OPT from tissue stores and a 
subsequent conversion of released OPT into tyrosine. Before exploring the 
function(s) of OPT and tyrosine in developmental progression, I review the 
Drosophila literature in this area. 
 
5.1 OPT and tyrosine in Drosophila 
OPT was identified as a prominent constituent of Drosophila larvae, which rises 
after the second larval moult and then falls rapidly around puparium formation 
(Mitchell and Lunan, 1964). The majority of OPT in late L3 larvae was later 
observed to reside in the hemolymph and its fall at pupariation is associated with a 
concomitant rise in inorganic phosphate, suggestive of a phosphatase reaction 
(Lunan and Mitchell, 1969). To uncover where the large amount of free tyrosine 
generated during this process might be utilised, Lunan and Mitchell (1969) fed 14C-
labelled tyrosine to late L3 larvae. It could be seen from 14C 
counts/minute/milligram of larva, that there was specific activity in the cuticle during 
the tanning of the early puparial case. Lunan and Mitchell (1969) therefore 
proposed that OPT in Drosophila is an inert storage form of tyrosine, ultilised to 
provide this amino acid for the sclerotization process. Previously, it had been 
documented that in another dipteran, Calliphora, there is a conversion of tyrosine to 
N-acetyldopamine, providing a precursor for sclerotization or tanning of the cuticle 
(Karlson and Sekeris, 1962). No OPT is observed in Calliphora, although the 
sclerotization process involves the cross linking of diphenolic compounds as it does 
in Drosophila (Sugumaran et al., 1992) (Figure 5-1). Other “tyrosine-storage” 
molecules have been described in other insects, such as: β-glucosyl-O-tyrosine in 
Drosophila busckii; β-alanyl-L-tyrosine in Sarcophaga bullata; and γ-L-glutamyl-L-
phenylalanine in Musca domestica (Bodnaryk, 1970; Chen et al., 1978; Parker et 
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al., 1969). As these molecules gradually increase in the hemolymph through the 
larval period, peaking before a rapid decline at the white puparium stage, they have 
all been proposed to provide precursors for cuticle tanning. Alternatively, in the 
Lepidopteran: Calpodes ethlius, tyrosine is thought to be stored in “vacuoles” in the 
larval fat body, which disappear at the same time as tyrosine rises in the 
hemolymph prior to the moult (McDermid and Locke, 1983). The intermoult 
generation and disappearance of these tyrosine vacuoles suggested that they may 
provide the large amounts of tyrosine required to generate the phenolic compounds 
necessary for cuticular tanning. In summary, there is evidence that tyrosine is not 
only an important nutrient but that its metabolism is an important part of the 
process of insect cuticle sclerotization. 
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Figure 5-1: Proposed pathways for sclerotization of the insect cuticle. 
Tyrosine (A) is converted into L-DOPA (B) by tyrosine hydroxylase. L-DOPA is decarboxylated 
to dopamine (C), which in turn can be acylated to N-acetyldopamine (E, NADA), or to N-β-
alanyldopamine (D, NBAD). Laccase can oxidise E and D to NADA-ortho-quinone (G) and 
NBAD-ortho-quinone (F). These ortho-quinones can be isomerised to NADA-para-quinone 
methide (I) and NBAD-para-quinone methide (H), respectively. Tautomerase can convert I to to 
α,β-dehydro-NADA (J), which can be oxidised to  α,β-dehydro-NADA-ortho-quinone (K) and 
α,β-dehydro-NADA-para-quinone methide (L). L can spontaneously react with NADA to give 2-
(3’, 4’-dihydroxyphenyl)-3-acetylamino-6-(N-acetyl-2’-aminoethyl)-2,3-dihydro-1,4-benzodioxine 
(M). L) may also react with nucleophilic reactants (HX and HY) to give N), which is a suggested 
crosslink, thought to stabilise the cuticle. Permission to adapt this figure has been granted by 
Insect Biochemistry and Molecular Biology (adapted from Andersen, (2010)). 
 
As mentioned in Chapter 1, ecdysone is the steroid hormone responsible for 
orchestrating the transitions (moults) between developmental stages in Drosophila 
larvae. Recently, another role for tyrosine metabolism in the synthesis of ecdysone 
was reported (Ohhara et al., 2015) (Figure 5-2). In this context, inhibition in the 
conversion of tyrosine to tyramine, via RNAi-mediated knock down (KD) of 
Tyrosine decarboxylase 2 (Tdc2) in the PG, resulted in a significant reduction in 
20E concentration and a delay or block in pupariation (Ohhara et al., 2015). Lower 
20E concentrations are likely to be a consequence of reduced expression of the 
Halloween genes, involved in ecdysone biosynthesis in the PG. This is thought to 
result from insufficient activation of the GPCR Octβ3R in the PG by its ligand 
tyramine, as KD of Octβ3R in the PG, resulted in a similar significant reduction in 
20E concentration and a block in pupariation (Ohhara et al., 2015). Anti-tyramine 
antibody staining suggests that tyramine accumulates in PG cells during the final 
larval instar but is then released late in L3, to activate Octβ3R, in an autocrine 
manner. The lack of Octβ3R signalling in the PG decreases its responsiveness to 
dIlps and PTTH signalling, in turn decreasing Halloween gene expression and thus 
ecdysone biosynthesis. As it was observed in this study that arrested/delayed 
pupariation in Oregon-R larvae could be rescued by 20E re-feeding, it was 
indicated that the fault in the larval to pupal transition was solely due to insufficient 
20E (Ohhara et al., 2015). This study shows that tyrosine metabolism plays an 
important and specific role in developmental timing not just in cuticle sclerotization 
(Figure 5-4). 
Chapter 5. Results 
 
128 
 
 
 
 
 
 
 
Chapter 5. Results 
 
129 
 
Figure 5-2: A model for the regulation of pupariation by Octβ3R signalling. 
A) During feeding conditions, after the attainment of CW, tyramine is secreted from 
the PG cells and activates Octβ3R in an autocrine manner, leading to insulin like 
peptide (Ilp) and PTTH signalling, subsequent Halloween gene induction, ecdysone 
biosynthesis and the larval to pre-pupal moult. B) When fail to attain CW during 
starvation conditions, tyramine is sequestered inside the PG cells, the lack of 
Octβ3R activation via tyramine, consequently results in reduced ecdysone 
biosynthesis and thus an arrest at the final larval instar. This figure was adapted 
from Ohhara et al., 2015. 
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Figure 5-3: Tyrosine metabolism in Drosophila. 
Tyrosine can be generated from o-phosphtyrosine (OPT), phenylalanine and 4-hydroxy-
phenylpyruvate by Alkaline phosphatase (Alp1: CG5656 and Alp4: CG1462), Henna (Hn: 
CG7399), Glutamate oxaloacetate transaminase 2 (Got2: CG4233) and CG1461 respectively. 
Tyrosine can then be converted into 4-hydroxy-phenylpyruvate, dopaquinone or L-DOPA by 
Got2, CG1461, Prophenoloxidase 1 (PPO1: CG42639) or Pale (Ple: CG10118), respectively. L-
DOPA can subsequently be converted into dopaquinone or dopamine by PPO1 or Dopa 
decarboxylase (Ddc: CG10697), respectively. Dopamine is then enzymatically converted 
through a series of reactions resulting in the diphenolic compounds generated for cuticle 
tanning detailed in Figure 5-1 (A). Tyrosine can also be converted into tyramine via Ddc and 
Tyrosine decarboxylase 2 (Tdc2). Monoaminergic autocrine activation of Octβ3R by tyramine 
(B) has been reported to increase responsiveness of PG cells to IIS and PTTH signalling and 
stimulate Halloween gene expression and thus ecdysone biosynthesis. A burst of ecdysone and 
its conversion to 20-hydroxyecdysone in peripheral cells, then mediate the larval to pupal moult 
(C). Redrawn using information: from the Drosophila tyrosine metabolism pathway 
(http://www.genome.jp/kegg/pathway.html), Harper and Armstrong, 1972 and Ohhara et al., 
2015. Enzyme names appear in blue. Pathways mentioned in green are explained in the text. 
 
5.1.1 Literature search for enzymes converting OPT into tyrosine 
Beckman and Johnson (1964) identified alkaline phosphatase activities, expressed 
in extracts from L3 Drosophila larvae, which can catalyse the conversion of OPT 
into tyrosine in, in vitro enzymatic assays. Two alkaline phosphatases: Alp1 and 
Alp4, expressed during the larval instars were identified and a further Alp, Alp2, 
was reported to be expressed in the adult but not in the larva (Beckman and 
Johnson, 1964; Harper and Armstrong, 1972; Schneiderman et al., 1966). Later it 
was shown that larval Alp1 activities are maximal at a pH of ~8, are significantly 
inhibited by potassium cyanide and L-cysteine but not by 1 mM inorganic 
phosphate, 2 mM L-phenylalanine or L-tyrosine (Harper and Armstrong, 1973, 
1972). A number of biological and synthetic substrates were tested in vitro with the 
biochemically purified Alp protein to define the substrate reaction velocity and 
specificity. Using this approach, it was observed that OPT is the only known 
biological substrate that exhibits a reaction velocity equal to that of the synthetic 
substrate p-nitrophenyphosphate (Harper and Armstrong, 1973, 1972).  
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Schneiderman et al., (1966), dissected the internal organs away from second and 
third instar Drosophila larvae, leaving a “shell” or carcass of the hypoderm, muscle 
and cuticle. In this carcass preparation they detected very low Alp activity in second 
and young third instars, via electrophoretic studies and zymography, but an 
increase in this activity in mature third instar larvae. Schneiderman et al., inferred 
this enzyme to be Alp1, the same enzyme previously detected by Beckman and 
Johnson (1964). Taking together, the concomitant rise of inorganic phosphate, the 
fall of OPT and the increased activity of Alp1, Harper and Armstrong (1972) 
suggested that carcass expression of this Alp, functioned to provide precursors for 
cuticle tanning (sclerotization). Many years later, sequencing of the Drosophila 
genome and expression analysis of predicted Alp genes strongly suggested that 
Alp1 corresponds to CG5656 and Alp4 corresponds to CG1462 (Flybase: Marygold, 
2015). 
 
Flybase transcript analysis indicates that Alp1 (CG5656) is maximally expressed in 
two developmental peaks, one during mid-embryogenesis and the other during late 
non-feeding L3 stages, when larvae have begun to wander just prior to pupariation. 
Expression of Alp4 (CG1462) transcripts shows a largely complementary pattern of 
maximal expression, peaking during the L1 to early-L3 larval feeding stages and 
then again during adulthood (Figure 5-4). In terms of tissue specificity, Alp1 is 
predicted to be expressed in the larval salivary gland and larval carcass (Figure 1-
3). More is known about Alp4 expression and function. Alp4 expression has been 
observed in the “digestive system” of larvae and adults and in the accessory gland 
of adult males (Figure 5-5). Sözen et al., (1997) and Yang et al., (2000), 
subsequently narrowed the “digestive system” expression of Alp4 to the lower 
malpighian tubules, the fly equivalent to renal cells, as well as to neurons in the 
ellipsoid body of the adult brain. The zone of the lower malpighian tubules that 
expresses Alp4 is known to play a role in fluid re-absorption (O’Donnell and 
Maddrell, 1995). Moreover, ectopic expression of Alp4 in the main segment of the 
malpighian tubules (rather than the lower segment) results in reduced fluid 
secretion rates (Yang et al., 2000). Transposon insertions into the Alp4 gene, which 
appear not to lead to complete loss of function of Alp4, resulted in a semi-lethal 
phenotype (Yang et al. 2000). An association between Alp4 action in the tubules 
and OPT conversion has not yet been made, rather the phosphatase action of Alp4 
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in the tubules was proposed to be involved in reclaiming calcium from calcium 
phosphates, a function that may be relevant for adult physiology (Yang et al., 2000). 
In summary, the activity of Alp1 and Alp4 as OPT phosphatases has been shown in 
enzymatic assays, their expression has been partially characterised but their in vivo 
physiological functions during development remain unknown. 
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Figure 5-4: Developmental time course of Alp1 and Alp4 expression. 
Alp1 and Alp4 transcript abundance from embryo to 30 day-old adults. Redrawn from Flybase 
(flybase.org) using RNA sequencing data recorded by Celniker et al., 2009. 
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Figure 5-5: Tissue expression of Alp1 and Alp4. 
Excerpt of the Drosophila transcriptome displaying Alp1 and Alp4 spatial transcript abundance. 
Redrawn from Flybase (flybase.org) using RNA sequencing data recorded by Celniker et al., 
2009. 
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5.2 Alp1 and Alp4 are required for timely pupariation 
In the previous results chapters, I showed using VDTS metabolomics that tissue 
OPT levels fall and hemolymph tyrosine levels rise towards the end of the third 
larval instar. These events are blocked by NR before CW but proceed in a timely 
fashion if NR is applied after CW. The following chapter focuses on testing whether 
the events of falling tissue OPT, rising hemolymph tyrosine and progression to 
pupariation might not just be associated in time but also functionally linked. My 
observations combined with those of Ohhara et al., (2015), information on Alp1/4 
from previous literature and from Flybase, suggest a hypothesis that I will explore 
in this chapter. The hypothesis is that Alp1 and/or Alp4 act upon OPT larval stores 
to liberate free tyrosine, which in turn provides the tyramine necessary for Octβ3R 
signalling in the PG and thus for ecdysone biosynthesis and timely pupariation. 
 
Initially, I tested whether the post-CW rise in tyrosine plays an important role in 
developmental timing by applying genetic manipulations to a panel of Drosophila 
tyrosine metabolism enzymes. The GAL4-UAS system was used with tub-GAL4, to 
ubiquitously KD the expression of each tyrosine-metabolism enzyme via RNAi 
(Brand and Perrimon, 1993; Dietzl et al., 2007) . The panel of tyrosine metabolism 
enzymes was selected from the KEGG pathway database 
( http://www.genome.jp/kegg/pathway.html, Kanehisa et al., 2000) plus the manual 
addition of Alp1 and Alp4 (Figure 5-3). This included: Prophenoloxidase 1 (PPO1), 
Dopa decarboxylase (Ddc), Tyrosine decarboxylase (Tdc), Glutamate oxaloacetate 
transaminase 2 (Got2), CG1461 (a theorised tyrosine Aminotransferase), Alp1 and 
Alp4. To assay how KD of the enzymes affected developmental timing, the time 
taken for larvae to reach pupariation (time to pupariation: TTP) was measured; the 
time when 50% of larvae reached pupariation was then calculated from the graph 
generated (Figure 5-6 and Figure 5-7). It was observed that, during fed conditions, 
ubiquitous larval KD of PPO1, Ddc, Tdc, Got2 and CG1461 had little or no delay in 
TTP but KD of Alp4 (Alp4i) resulted in a robust delay in TTP (~9.5 hours), in 
comparison to the control (tub>TRiP Ctrl). Interestingly, if NR is administered after 
attainment of CW (66 hr, Alp4i: ~0.94 mg), Alp4i no longer delays TTP. Conversely, 
during NR but not fed conditions Alp1 KD (Alp1i, at 66 hr: ~1.07 mg) delays TTP 
(~7 hours). Together these results demonstrate that Alp1 and Alp4 regulate the 
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timing of the larval to pupal transition but that Alp1 is required during NR whereas 
Alp4 is required during fed conditions. The NR-specific delay in TTP via KD of Alp1 
is especially interesting, as administration of NR once CW has been attained, is 
known to accelerate TTP (here by ~2.5 hours when comparing tub>Ctrls) – 
therefore, it may be that Alp1 action plays a role in this accelerated TTP.  
 
To test whether the functions of Alp1 and Alp4 are additive or overlapping, both 
enzymes were together inactivated (tub>Alp4i;;Alp1i). The resulting delay in TTP of 
double KD of Alp1 and Alp4 was larger than the single KD of Alp4 during fed 
conditions (~2.5 hours more) (Figure 5-8). During post-CW (~72 hr) NR, the TTP 
delay in the double knockdown was also larger than that in the single KD of Alp1 
(~8 hours more) (Figure 5-8). The larger delays in TTP observed in the double 
versus the single KDs, suggest that Alp1 and Alp4 have partially overlapping or 
redundant functions. In other words, Alp1 is most important during NR but may 
nevertheless have some degree of function during fed conditions. Conversely, Alp4 
plays a major role during fed conditions but may also make a smaller contribution 
during NR.  
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Figure 5-6: Knock down of four tyrosine-metabolism enzymes does not delay 
TTP. 
 
A) During continuously fed conditions, 50% of ubiquitously knocked down PPO1, Ddc and 
CG1461 larvae pupariate at approximately the same time as the control line (TTP for: control 
~100.5 hr (i), PPO1 ~99.5 hr (ii), Ddc ~98.5 hr (iii) and CG1461 ~102.5 hr (iv)). B) During 
continuously fed conditions, 50% of ubiquitously knocked down Tdc1 and Got2 larvae pupariate 
at approximately the same time as the control line (TTP for: control ~ 94.5 hr (i), Tdc1 ~94.5 hr 
(v) and Got2 ~95.5 hr (vi)). tub>Ctrl: α-tubulin-GAL4 crossed to TRiP Ctrl. Each point on each 
curve is the average % of larvae that have reached pupariation at that time, recorded using 15 
larvae per vial, with 3 vials per condition (45 larvae per condition) - error bars represent one 
standard deviation. 
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Figure 5-7: KD of Alp1 or Alp4 delays TTP in NR and fed larvae respectively. 
A) During continuously fed conditions 50% of ubiquitously knocked down Alp4 larvae (tub>Alp 
4i) pupariate ~107 hr (iii) whilst control and Alp1 KD larvae (tub>Alp1i) reach 50% pupariation at 
~ 97.5 hr (i & ii). B) If NR is administered after CW has been attained, 50% of tub>Alp1i larvae 
pupariate at ~102 hr (ii) whilst control and tub>Alp4i larvae reach 50% pupariation at ~95 hr (i & 
iii). tub>Ctrl: α-tubulin-GAL4 crossed to TRiP Ctrl. Each point on each curve is the average % of 
larvae that have reached pupariation at that time, recorded using 15 larvae per vial, with 3 vials 
per condition (45 larvae per condition) - error bars represent one standard deviation. A) and B) 
are graphs representative of an experiment that was repeated on three independent occasions.  
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Figure 5-8: Double KD of Alp1 and Alp4 delays TTP in fed and NR larvae. 
A) During continuously fed conditions 50% of ubiquitously knocked down Alp1 and Alp4 larvae 
(tub>Alp4i;;Alp1i) pupariate ~108.5 hr (ii) whilst control larvae (tub>Ctrl) reach 50% pupariation 
at ~96.5 hr (i). B) If NR is administered after CW has been attained, 50% of tub>Alp4i;;Alp1i 
larvae pupariate at ~112.5 hr (ii) whilst tub>Ctrl larvae reach 50% pupariation at ~97.5 hr (i). 
tub>Ctrl: α-tubulin-GAL4 crossed to w1118. Each point on each curve is the average % of larvae 
that have reached pupariation at that time, recorded using 15 larvae per vial, with 3 vials per 
condition - error bars represent one standard deviation. 
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Next, the GAL4/UAS system was used to assess the tissue-specific requirements 
of Alp1 and Alp4 in developmental progression. Alp1 expression has been 
observed in the “carcass” – a collection of the cuticle, epidermis and muscle. I 
tested for a tissue-specific role using the A58-GAL4 driver (abbreviated A58>), 
which expresses GAL4 specifically in the epidermis (Galko and Krasnow, 2004). 
Like tub>Alp1i larvae, A58>Alp1i larvae moved to NR post CW (66hr ~1.01 mg), 
also demonstrated a delayed TTP in comparison to controls (Figure 5-9). Therefore, 
the area of Alp1 expression can be narrowed from the “carcass” to (at least) the 
epidermis. As the delay in TTP was larger (by ~4 hours) in A58>Alp1i larvae in 
comparison to tub>Alp1i larvae, it may be suggested that A58> may express more 
strongly than tub> and thus give a greater RNAi KD. Again it is observed that post-
CW NR accelerates TTP in controls, in comparison to controls on continuously fed 
conditions (here by ~9.5 hours). Therefore, this adds further support to the 
suggestion that Alp1 action may play a role in the (post-CW) NR-induced 
acceleration in TTP. As Alp4 expression was observed in the malpighian tubules 
(Yang et al., 2000), it is perhaps unsurprising that A58>Alp4i larvae do not display 
a delayed TTP in comparison to controls when continuously fed, unlike tub>Alp4i 
larvae. 
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Figure 5-9: Specific KD of Alp1 in the epidermis delays TTP in NR larvae.  
A) During continuously fed conditions 50% of controls (A58>Ctrl, i: ~109 hr), epidermis knocked 
down Alp1 (A58>Alp1i, ii: ~105.5. hr) and Alp4 (A58>Alp4i, iii: ~109.5 hr) larvae pupariate 
around the same time. B) If NR is administered after CW has been attained, 50% of A58>Alp1i 
larvae pupariate at ~110 hr (ii) whilst A58>Ctrl and A58>Alp4i larvae reach 50% pupariation at 
~99.5 hr (i) and 97.5 hr (iii) respectively. A58>Ctrl: A58-GAL4 crossed to TRiP Ctrl. Each point 
on each curve is the average % of larvae that have reached pupariation at that time, recorded 
using 15 larvae per vial, with 3 vials per condition - error bars represent one standard deviation. 
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5.2.1 Alp KD effects tyrosine-related metabolite concentrations 
To test whether Alp1 and Alp4 are required in an in vivo context for the conversion 
of OPT to tyrosine, metabolomics was used to measure the ratio of whole body 
OPT to tyrosine in control (tub>w1118) versus double KD (tub>Alp4i;;Alp1i) fed 
larvae. Double KD larvae are delayed developmentally, so they were compared to 
control wandering L3 (wL3) larvae in two different ways: double KD larvae (early L3 
larvae (pre-wL3), ~1.65 mg per larva) chronologically matched with wL3 controls 
(~1.97 mg per larva) and double KD larvae developmental-stage matched with wL3 
controls (i.e. also wL3, ~1.86 mg per larvae) (Figure 5-10). The whole body 
OPT:Tyr ratio at early L3 in double KD larvae was significantly (~6 fold) higher than 
chronologically matched wL3 controls. In contrast, the OPT:Tyr ratio determined 
from double KD larvae at the wL3 stage did not significantly differ from that of 
developmental-stage matched wL3 controls. Hence, these experiments do not 
distinguish whether the OPT:Tyr ratio change is a direct consequence of decreased 
Alp activity or a more indirect effect mediated by Alp1/4 acting upon another 
process, itself required for larval progression. Nevertheless, these experiments 
show that Alp1 and Alp4 are required for the decrease in the OPT:Tyr ratio that 
normally accompanies larval progression during L3.  
 
I also measured the tyramine concentration in the fed whole body in controls and in 
double KDs. In controls, tyramine concentration decreases during early L3. This 
revealed a similar pattern to the OPT:Tyr ratio, such that the tyramine 
concentration is similar between wL3 double KD and controls but ~3 fold higher in 
early L3 double KDs chronologically matched with wL3 controls. This indicates that 
Alp1 and Alp4 are required, directly or indirectly, for the normal decrease in 
tyramine during L3 progression. Unlike OPT and tyrosine, tyramine cannot be 
detected in the hemolymph suggesting that it may be largely sequestered in body 
tissue(s) and released in an Alp1/4-dependent fashion during L3 larval progression. 
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Figure 5-10: Alp1 and Alp4 regulate the OPT:Tyr ratio and tyramine. 
A) Ratio of whole larval OPT to tyrosine concentration (OPT:Tyr) in wandering L3 tub>w1118 
larvae (Ctrl wL3), chronologically matched early L3 Alp double KD (tub>Alp4i;;Alp1i eL3) and 
developmentally matched wandering L3 Alp double KD (tub>Alp4i;;Alp1i wL3). B) Whole larval 
concentration of tyramine in Ctrl wL3, tub>Alp4i;;Alp1i eL3 and tub>Alp4i;;Alp1i wL3 larvae. 
Metabolite concentrations were determined for each condition from 15 larvae collected in three 
replicates. Then ratio of OPT to tyrosine was calculated for each individual spectrum from the 
whole larval OPT concentration over the whole larval tyrosine concentration. Statistical 
significance was determined according to Tukey’s HSD test in a 2-way ANOVA with an Alpha-
value of 5 %. *: p-value < 0.05; ****: p-value: < 0.0001; and n.s.: not significant (p > 0.05).  
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5.3 Rescue of Alp1/4 phenotypes with dietary tyrosine 
The preceding genetic analysis suggests the hypothesis that Alp1 and Alp4 
function to release tyrosine from its OPT storage form, in turn promoting larval 
developmental progression to pupariation. If the only function of Alp1/4 relevant to 
TTP is to provide a source of tyrosine, then it should be possible to rescue the 
Alp1i and Alp4i delayed TTP phenotypes by boosting dietary tyrosine. I first 
showed that a diet supplemented with tyrosine results in a ~6 fold increase in 
hemolymph tyrosine concentration (Figure 5-11). Interestingly, hemolymph OPT 
also increases following supplementation, suggesting but not proving that “excess” 
tyrosine taken up via the gut can be converted back to OPT as a “storage” form. 
The kinase enzyme(s) responsible for converting free tyrosine to OPT have yet to 
be identified. 
 
To conduct tyrosine supplementation rescue experiments, Alp4i larvae were reared 
on standard medium supplemented with 1.5 g/L tyrosine (2x+Tyr) (Figure 5-12). 
Tyrosine supplementation did not accelerate the TTP of genetic control larvae  (in 
compared to controls raised on standard food) but it did strongly reduce the TTP 
delay in fed Alp4i larvae (from ~10 to 1.5 hours, an 84% reduction). For Alp1, the 
rescue experiments were conducted on NR medium supplemented with tyrosine. 
This NR-supplementation strategy reduced the delay of Alp1i larvae moved to NR 
after CW (72 hr: ~1.28 mg) by ~50-67% (Figure 5-13). This indicates that dietary 
tyrosine partially rescues the Alp1i delay in NR larvae but the degree of rescue is 
less complete than with fed Alp4i larvae. 
 
These results show that tyrosine insufficiency contributes to the developmental 
delay of Alp1 KD and Alp4 KD larvae. Together with previous studies showing that 
Alp1 and Alp4 have intrinsic OPT phosphatase activity in vitro (Harper and 
Armstrong, 1972), I conclude that efficient OPT to tyrosine conversion is required 
for timely developmental progression to pupariation in both fed and NR larvae and 
that this requires a different Alp enzyme in each condition.  
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Figure 5-11: Dietary supplementation increases hemolymph tyrosine and OPT. 
Hemolymph OPT and tyrosine concentrations determined via VDTS from w1118 larvae reared on 
standard (2x) or tyrosine supplemented (2x + Tyr) medium, for 51 hr. Each condition is the 
average metabolite concentration from 15 larvae, from four biological replicates. Statistical 
significance was determined according to Tukey’s HSD test in a 2-way ANOVA with an Alpha-
value of 5 %.  **: p-value < 0.01. 
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Figure 5-12: Tyrosine rescues the Alp4 KD delay in fed larvae. 
During continuously fed conditions on 2x medium, 50% of controls (tub>Ctrl) pupariate at ~97 hr 
(i), whilst ubiquitously knocked down Alp4 (tub>Alp4i) larvae pupariate at ~106.5 hr. During 
continuously fed conditions on 2x supplemented with 1.5 g/L tyrosine (2x + Tyr), 50% of 
controls (tub>Ctrl on 2x+Tyr) pupariate at ~98.5 hr (iii), whilst ubiquitously knocked down Alp4 
(tub>Alp4i on 2x+Tyr) larvae pupariate at ~100 hr (iv). Ctrl: TRiP Ctrl larvae. 2x+Tyr TTP Δ: 
difference in TTP between Ctrl and Alp4i on 2x+Tyr. 2x TTP Δ: difference in TTP between Ctrl 
and Alp4i on 2x. Each point on each curve is the average % of larvae that have reached 
pupariation at that time, recorded using 15 larvae per vial, with 3 vials per condition - error bars 
represent one standard deviation. 
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Figure 5-13: Tyrosine partially rescues the Alp1 KD delay in NR larvae. 
If NR is administered after CW has been attained, 50% of ubiquitously knocked down Alp1 
(tub>Alp1i) larvae pupariate at ~107 hr (ii) whilst controls (tub>Ctrl) reach 50% pupariation at 
~95 hr (i). If larvae are transferred to NR medium supplemented with 1.5 g/L tyrosine (NR + Tyr 
(pH4)) post CW attainment, 50% of tub>Alp1i larvae pupariate at ~101 hr (iv) whilst tub>Ctrl 
larvae reach 50% pupariation at ~97 hr (iii). If larvae are transferred to NR medium 
supplemented with tyrosine at saturating solubility (NR + Tyr (at sat. sol.)) post CW attainment, 
50% of tub>Alp1i larvae pupariate at ~99 hr (vi) whilst tub>Ctrl larvae reach 50% pupariation at 
~93 hr (iii). Ctrl: TRiP Ctrl larvae. 1.5 g/L was solubilised in NR media via either acidification 
with HCl (taking the final pH of the solution to pH 4) or through generating a NR solution 
saturated with tyrosine, at pH 7 (see Methods and Materials: 2.2.1). Each point on each curve is 
the average % of larvae that have reached pupariation at that time, recorded using 15 larvae 
per vial, with 3 vials per condition - error bars represent one standard deviation.  
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5.4 Discussion 
This chapter identifies a function for the developmental changes in OPT and 
tyrosine concentration observed using metabolomics in the previous chapters. I 
knocked down various metabolic enzymes involved in tyrosine metabolism and 
found that Alp enzymes were required for timely developmental progression. 
Double KD of both Alp1 and Alp4 resulted in a delay in TTP during continuous 
feeding and post-CW NR. In these Alp4i;;Alp1i larvae, a reduced rate of OPT to 
tyrosine conversion was inferred, indicated that the fall in OPT and concomitant 
rise in tyrosine during the final larval instar may be due to the phosphatase action 
via the Alps. Higher whole larval tyramine concentrations were observed in delayed 
Alp4i;;Alp1i larvae. However, as tyramine cannot be detected in the hemolymph, 
tyramine may be retained in the body tissue of delayed Alp4i;;Alp1i larvae, 
chronologically matched to wandering controls. Therefore, the action of both Alps is 
proposed to be necessary for lowering the OPT:Tyr ratio and (perhaps as a 
consequence) lowering whole body tyramine concentrations, which may in turn 
become necessary for progression through to pupariation. 
 
The results of individual KDs of Alp1 and Alp4 indicate that they are not completely 
redundant. Instead, for timely pupariation, Alp1 is more strongly required during NR 
and Alp4 more strongly during fed conditions. Therefore, It will be interesting in the 
future to examine whether Alp1 and Alp4 expression are regulated differentially by 
the nutritional status of the larva. In the case of Alp1, this regulation may occur in 
the epidermis, as tissue-specific KD experiments mapped the requirement for 
timely pupariation during NR to this tissue - the very same tissue that also utilises 
tyrosine in cuticle sclerotization. 
 
Insufficient tyrosine was demonstrated to result in the delayed TTP induced by Alp 
KD, as dietary supplementation with tyrosine rescued or partially rescued TTP. 
Larvae moved to NR pre-CW, arrest development; this developmental arrest 
cannot be rescued by transferring pre-CW larvae to NR supplemented with tyrosine. 
Therefore, as NR supplemented with tyrosine can partially rescue TTP in Alp1 KD 
larvae, the delay observed in Alp1 KD larvae is not thought to be a result of 
movement to NR pre-CW. Our standard fly food has a tyrosine concentration of 0.5 
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g/L (Szuperák et al., manuscript in preparation), therefore an addition of (3x) 1.5 
g/L tyrosine was chosen for the supplementation experiments. The additional 
tyrosine solubilised easily into the standard food, however, 1.5 g/L tyrosine is 
insoluble in NR medium at pH 7. Therefore, supplementation of the NR medium 
with tyrosine was achieved by acidifying the solution (to pH 4 with 1M HCl) and 
through creation of a NR solution saturated with tyrosine (see Methods and 
Materials 2.2.1). Both methods of NR supplementation resulted in a partial rescue 
in the delayed TTP induced by Alp1 KD. However, supplementation of standard 
feed with tyrosine resulted in an almost complete rescue of TTP induced by Alp4 
KD. The lack of a complete rescue in the Alp1 KD induced delay, may still be a 
result of insufficient hemolymph tyrosine concentrations. After the transfer to the 
supplemented NR media, in the TGP, larvae have a limited time to ingest tyrosine 
(in the media) before the onset of wandering (a period of non-feeding). It could be 
suggested the period between the move to supplemented NR media and the onset 
of wandering is too short to ingest sufficient tyrosine for the complete rescue of 
TTP. 
 
Although, Alp1 has previously been associated with OPT conversion in Drosophila, 
with an aim to provide tyrosine for the process of sclerotization (Harper and 
Armstrong, 1972), Alp4 has not. I propose the reciprocal action of Alp1 and Alp4, 
dependent on the feeding state, generates sufficient tyrosine from OPT for 
sclerotization and tyramine for funnelling into the ecdysone biosynthesis pathway - 
thus enabling timely developmental progression. 
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Chapter 6. Discussion 
In this thesis, I refined the VDTS method of NMR metabolomics for small 
sample sizes and then used it to study developmental progression in 
Drosophila. Comparison of the metabolomes from larvae either side of 
the CW transition identified several polar metabolites that significantly 
change during fed and/or NR conditions. The functional significance of 
changes in metabolites in the tyrosine pathway (phenylalanine, tyrosine 
and OPT) were then explored using genetic analysis. This identified new 
roles in developmental progression for two OPT phosphatase enzymes, 
Alp1 and Alp4. I now discuss the main findings of the thesis and their 
wider implications. 
 
6.1 VDTS is a powerful method for quantifying 
metabolite concentrations 
The VDTS method was initially developed by Ragan et al. (2013) for 
liquid samples of Drosophila hemolymph. Non-specific variation between 
samples, as a result of variable dilution can mask specific, perhaps 
significant, variation. PQN has proven itself a robust method to account 
for overall non-specific variation, delivering greater accuracy for following 
chemometeric analysis, such as PCA. However, when comparing 
samples of very different overall signal strengths (a “spectral mass 
difference” of >50%), such as analysed in this thesis (fed versus NR), 
PQN performs poorly in comparison to normalisation with sample 
volumes determined via VDTS. The determination of absolute metabolite 
concentrations back calculated from determined volumes via VDTS 
provides an additional advantage over relative normalisation methods 
such as PQN, as absolute metabolite concentrations enable the 
comparison of results between experiments and between investigators - 
delivering a means of standardisation to NMR-metabolomics experiments.  
 
Previously, determination of the volume of hemolymph released after 
cuticle tearing had been comprised by formate contamination. To 
Chapter 6. Discussion 
 
161 
 
increase the accuracy of determined hemolymph volumes, the 13C-
formate standard was replaced with a standard not endogenously found 
in Drosophila or on lab-wear: 4-Cl-DNBA. Mock dilution of 4-Cl-DNBA 
returned precisely determined (via VDTS) volumes of the diluent (water). 
Furthermore, components of hemolymph were observed not to interact 
with the standard, avoiding a compromise in volume determinations. 
 
I also adapted the VDTS method for solid samples of whole larvae and 
adults, optimising a method to achieve thorough and consistent sample 
homogenisation, through the use of a motorised pellet pestle and the 
microcentrifuge tube the sample is contained with as a mortar. I also 
developed a sample variant of the method (MVDTS) where unopened 
and opened larval samples are paired so as to reduce errors from liquid 
carry over or larval excretion, which can significantly effect the back 
calculation of absolute metabolite concentrations. The optimised 
hemolymph and whole-larval VDTS are powerful metabolomics 
techniques, enabling the determination of absolute metabolite 
concentrations in sub-microlitre samples. I anticipate that VDTS and 
MVDTS can be extended beyond Drosophila to other types of liquid and 
solid samples where volumes are not known or are imprecise.  
 
6.2 The polar metabolome changes at CW 
I found that the hemolymph and whole-body metabolite profiles of starved 
larvae change significantly upon attainment of CW. Although I observed 
that metabolite level trajectories during NR, more closely match normal 
development, if NR is administered post-CW, I did not observe a 
unilateral decrease in metabolite concentrations during pre-CW starvation. 
In fact, of the 15 metabolites identified to be significantly (p < 0.01) 
different between pre- and post-CW NR larvae, ~27% of these 
metabolites were higher in pre-CW NR larvae. In whole larvae, this 
percentage rises to ~30%. OPE, betaine and glycine are significantly 
higher in starved larvae that arrest versus those that progress to 
pupariation. This contrasts with phenylalanine, tyrosine and OPT, which 
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are significantly higher in starved larvae that progress to pupariation 
versus those that are arrested. Metabolites like OPE, betaine and glycine 
may decrease in concentration during progression to pupariation either 
because their dietary uptake/synthesis decreases or because their 
catabolism decreases. Measuring metabolite concentrations alone cannot 
distinguish between these two possibilities but this would be possible 
using stable isotope labelled metabolites and their precursors to measure 
rates of flux. Before conducting these labelling studies, it would be 
interesting to test whether supplementing NR medium with OPE, betaine 
and/or glycine delays TTP of post-CW NR larvae, which normally 
progress to pupariation. 
6.3 Conversion of OPT to tyrosine is required for timely 
pupariation 
Previous observations in fed larvae showed that OPT and tyrosine 
increase in the Drosophila hemolymph after the L2/L3 moult (Lunan and 
Mitchell, 1969; Mitchell and Lunan, 1964). A new and striking finding from 
my polar metabolite comparisons is that this rise in OPT and tyrosine in 
the hemolymph also occurs in starved L3 larvae that will progress to 
pupariation but not in those starved larvae that will developmentally arrest. 
The rise in hemolymph OPT during post-CW starvation that I observe 
cannot be fuelled by dietary uptake of OPT or tyrosine, thus indicating 
that OPT is formed/released from internal tissue stores. Interestingly, 
tyrosine “vacuoles” have been observed to form and disappear in the fat 
body, between moults, in another fly species: Calpodes (McDermid and 
Locke, 1983). Therefore, the release of stored tyrosine or OPT in 
Drosophila could also occur from the fat body. In fact, protein “granules” 
have previously been observed to accumulate in the fat body of 
Drosophila during L3 development, although they are thought to contain 
larval serum proteins (Lsps), which are fairly rich in phenylalanine and 
tyrosine residues (for the major Lsp, LSP-2: 7.1% phenylalanine and 
7.94% tyrosine) (Burmester et al., 1999; Mousseron-Grall et al., 1997). 
One possibility is that attainment of CW triggers a downstream 
mechanism to release OPT from fat body vacuoles/granules, delivering it 
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into the hemolymph, where it is subsequently converted to tyrosine. To 
begin to test this hypothesis, it would be interesting to measure OPT and 
tyrosine concentrations via NMR, in fat body tissue dissected from late L3 
fed, pre- and post-CW NR larvae.  
 
High levels of tyrosine during the final larval instar of many insects has 
long been associated with the need for phenolic precursors utilised in 
cuticle tanning/sclerotization (Bodnaryk, 1970; Chen et al., 1978; Mitchell 
and Lunan, 1964; Parker et al., 1969). Hence, several compounds found 
at high concentrations during the final larval instar, such as: OPT in 
Drosophila melanogaster; β-glucosyl-O-tyrosine in Drosophila busckii; β-
alanyl-L-tyrosine in Sarcophaga bullata; and γ-L-glutamyl-L-phenylalanine 
in Musca domestica, have been labelled “tyrosine-storage” molecules - 
able to rapidly liberate tyrosine via an enzymatic conversion process 
(Bodnaryk, 1970; Chen et al., 1978; Mitchell and Lunan, 1964; Parker et 
al., 1969). My findings add to this body of work by showing that 
OPT/tyrosine are not only important for sclerotization but also for 
regulating the timing of the larval-to-pupal developmental transition. My 
genetic analysis of two validated OPT phosphatase enzymes Alp1 and 
Alp4 (Harper and Armstrong, 1972), shows that they are both required for 
the correct speed of developmental progression. Moreover, I have shown 
that Alp1 and Alp4 have different developmental functions, depending 
upon the nutritional status of the larva. Thus, Alp4 and Alp1 are primarily 
required for timely pupariation in the feeding and non-feeding stages 
respectively. 
 
It remains to be observed whether nutritional status differently regulates 
Alp1 and Alp4 expression. This would provide one possible explanation 
for their distinct roles. For example, expression of Alp1 could be higher in 
starved than fed larvae, and vice versa for Alp4. This could be tested 
using a quantitative reverse transcriptase polymerase chain reaction (qRT 
PCR) on whole fed versus NR larvae. I was able to demonstrate the 
expression of Alp1 in the larval epidermis. Alp1 localisation at the cellular 
level may be at the plasma membrane due to the presence of a 
glycosylphosphatidylinositol (GPI) anchor, similar to that of Mammalian 
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placental alkaline phosphatase (Kozlenkov et al., 2002). This lends 
support to a hypothesis that membrane-tethered Alp1 on epidermal cells 
is in direct contact with the hemolymph and so is well placed to convert 
OPT, released from tissue stores, into hemolymph tyrosine. Alp4 
expression has previously been observed in the lower segment of the 
malpighian tubules (Sözen et al., 1997; M Y Yang et al., 2000). 
Hemolymph is processed by the malpighian tubules (O’Donnell and 
Maddrell, 1995). Therefore, Alp4 expression in the lower tubule, an area 
associated with re-absorption, suggests that it could be involved with 
tyrosine reclamation from filtered OPT that “escaped” Alp1 action.  
This thesis shows that enzymes required for the OPT-to-tyrosine 
conversion are required for timely development. This finding is highly 
likely to link with recent work from Ohhara et al., (2015), who observed 
that a tyramine biosynthetic enzyme (Tdc2) and its receptor (Octβ3R) are 
required in steroidogenic PG cells to stimulate ecdysone synthesis and 
thus promote a timely transition from larva-to-pupa. Tyramine is 
connected to tyrosine metabolism (see Figure 5-3) and I have found that, 
during L3 progression, Alp1 and Alp4 are required (directly or indirectly) 
not only for the decrease in the OPT:Tyr ratio but also for the 
accompanying decrease in whole body tyramine. In double Alp4, Alp1 KD 
larvae, higher OPT:Tyr and tyramine in the whole body may be indicative 
of a lower OPT to tyrosine conversion and perhaps also tyramine 
retention in tissues including the PG. Such retention of tyramine has been 
previously observed in the PG of arrested larvae that were starved before 
CW (Ohhara et al., 2015). In future it will be important to test how 
connected the Ohhara et al. mechanism is with Alp function by examining 
anti-tyramine staining in the PG of Alp4i;;Alp1i larvae. It will also be 
interesting to see if the developmental delay of Alp4i;;Alp1i larvae can be 
rescued by ecdysone supplementation. Another critical experiment is to 
follow up the rescue of TTP in Alp4i;;Alp1i larvae by dietary tyrosine, by 
now testing whether such a rescue is blocked when Octβ3R is also 
inactivated in the PG. This key experiment is complex and will require 
combined use of GAL4/UAS and another orthologous gene-expression 
channel such as that involving the LexA/LexOp system (Lai and Lee, 
2006; Pfeiffer et al., 2010). 
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From my data and those of Ohhara et al., (2015) a speculative working 
model, linking tyrosine metabolism to ecdysone biosynthesis, can be built 
(Figure 6-1). This model explains how free tyrosine is liberated from its 
OPT storage form by Alp1 and/or Alp4. A surge of tyrosine in the 
hemolymph during L3 is required for tyramine synthesis and storage in 
the PG. This stored tyramine is then released from the PG late in L3 to 
activate the Octβ3R in an autocrine manner to thus stimulate the 
Halloween genes, necessary for synthesis of the large bust of ecdysone 
that precedes pupariation. Speculations made in the model on the 
expression of Alp1, Alp4 and the hydroxylase activity of Hn during fed and 
starved conditions could be tested via qRT PCR. Whilst the un/delayed 
release of tyramine from the PG (the “release” arrow in the model) could 
be tested by anti-tyramine staining of the PG from control and Alp4i;;Alp1i 
larvae at various stages. Ohhara et al., (2015) postulated that a surge in 
Octβ3R-mediated tyramine signalling in the PG after CW could increase 
PG cell responsivness to IIS and PTTH neuropeptide signalling, thus 
helping to drive the large ecdysone pulse that triggers the larval to pupal 
transition. My findings now suggest that this PG signalling surge could be 
driven by the increase in OPT release from tissue stores and subsequent 
Alp-mediated OPT-to-tyrosine conversion. Increased tyrosine release late 
in L3 would then help to coordinate the timing of developmental 
progression (providing a tyramine precursor) and with the process of 
sclerotization (providing phenolic cuticle precursors).  
 
In mammals, the seceretion of the key human development hormone, 
GnRH, is regulated by monoamines and, during pubertal maturation, a 
significant increase in the frequency of GnRH pulses is observed (Sisk 
and Foster, 2004; Swerdloff and Odell, 1975). The moelcular mechanism 
regulating this developmental increase in GnRH secretion is not yet 
known and it would be intersting to test if “monoamine-storage” 
compounds are involved. In a more striking fly-mammal parallel, 
catecholamine signalling in Leydig cells of the fetal testis occurs via 
GPCR receptors related to Octβ3R and this stimulates production of the 
steroid hormone testosterone (Pointis and Latreille, 1987). This suggests 
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that monoamine signalling may be a conserved feature of the regulation 
of steriod hormone production in both insects and mammals.  
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Figure 6-1: Speculative model for the function of tyrosine in timely 
developmental progression. 
Differential tyrosine generation in normally developing, pre-CW starved and double 
Alp KD (Alp4i;;Alp1i) larvae, may affect developmental progression via the regulation 
of ecdysone biosynthesis. Red text corresponds to processes active during fed 
conditions, blue text corresponds to processes active during NR. Transparent 
sections denote pathways no longer active. 
 
Fed or post-CW starved larvae: Work in this thesis suggests OPT is released into the 
hemolymph from an unknown tissue source and subsequently converted into 
tyrosine via Alp1 in the larval epidermis and Alp 4 in the malpighian tubules. Tyrosine 
is also acquired from the diet and from dietary phenylalanine via Henna (Hn). 
Tyrosine is subsequently converted within the PG to tyramine via Tdc2. Ohhara et al. 
2015 reported how tyramine is secreted from the PG and activates Octβ3R, which 
regulates Halloween gene expression, enabling generation of sufficient ecdysone for 
the “puparial ecdysone pulse” and timely development. Tyrosine is also converted 
into L-DOPA in the epidermis and subsequently into dopamine via Pale and Dopa-
decarboxylase respectively. Dopamine is then metabolised through a series of 
reactions into diphenolic compounds (detailed in Figure 5-1) that are incorporated 
into the cuticle. 
 
Pre-CW starved larvae: OPT is not efficiently released from the unknown tissue 
source into the hemolymph. Phenylalanine levels were observed to be below the 
detection limit but it is not known how starvation affects the expression levels of Alp1 
and Alp4. However, Ohhara et al. 2015 reported that tyramine is retained within the 
PG such that Octβ3R is not activated, the "puparial" ecdysone pulse is not generated 
and development arrests. In addition, pre-CW starved larvae do not undergo cuticle 
tanning. 
 
Alp1/4 double KD in fed or post-CW starved larvae: OPT is released into the 
hemolymph from the unknown tissue source and subsequently converted into 
tyrosine but at a reduced rate, due to knockdown of the Alp1 and Alp4 
phosphatases. In turn, this may decrease the synthesis of tyramine and delay its  
release from the PG, thus resulting in a delayed “puparial" ecdysone pulse and 
increased TTP, which correlates with a delay but not a complete block in cuticle 
tanning. 
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Chapter 7. Appendix 
Pipette volume added (µL) VDTS calculated volume (µL) 
4 µL  # 1 3.6 
4 µL # 2 5.0 
4 µL # 3 4.6 
10 µL  # 1 10.4 
10 µL  # 2 9.5 
10 µL  # 3 9.8 
Table 5: VDTS calculation of water volumes diluted into 4-Cl-DNBA. 
The table displays volumes of water (µL) that were determined by VDTS to have diluted into the 
20 µL droplet of 4 mM 4-Cl-DNBA. Each dilution was done in triplicate. 
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 Average hemolymph volume per larva (nL) 
Males Females 
Pre-­‐CW	  fed 182	   ±	   49	   312	   ±	   81	  
Post-­‐CW	  fed 292	   ±	   11	   506	   ±	   83	  
Continuously	  fed 
364	   ±	   88	   698	   ±	   100	  
Pre-­‐CW	  NR 679	   ±	   23	   627	   ±	   82	  
Post-­‐CW	  NR 
456	   ±	   151	   368	   ±	   1	  
 
Table 6: VDTS calculation of hemolymph volumes. 
Entries show mean volume of hemolymph released ± 1 standard deciation for two independent 
experiments of three biological replicates for each condition (n=6). In each condition 10 larvae 
are “opened” to release hemolymph into a 10 µL drop of 4 mM 4-Cl-DNBA. 
 
 
 Average homogenate volume per whole larva (µL) 
Males Females 
Pre-­‐CW	  fed 0.35	   ±	   0.10	   0.33	   ±	   0.08	  
Post-­‐CW	  fed 
0.58	   ±	   0.28	   0.58	   ±	   0.37	  
Continuously	  fed 0.77	   ±	   0.17	   1.08	   ±	   0.14	  
Pre-­‐CW	  NR 
0.36	   ±	   0.04	   0.34	   ±	   0.08	  
Post-­‐CW	  NR 
0.45	   ±	   0.17	   0.33	   ±	   0.04	  
 
Table 7: VDTS calculation of whole larval homogenate volumes. 
Entries show mean volume of homogenate recovered ± 1 standard deviation for two 
independent experiments, each with three biological replicates per condition (n=6). In each 
condition 10 larvae are homogenised in a 10 µL drop of 25 mM 13C formate. 
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Figure 7-1: Chemical structures of the monoamines that regulate GnRH pulses in 
the HPG axis. 
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